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Abstract 
 

Cryogenic electron microscopy (cryo-EM) is among the most powerful tools available for 

interrogating nanoscale structure of biological structures. We recently showed that cryo-EM can 

be used to measure the bilayer thickness of lipid vesicles and biological membranes with sub-

angstrom precision, resulting in the direct visualization of nanoscopic domains of different 

thickness in multicomponent lipid mixtures and giant plasma membrane vesicles. Despite the great 

potential of cryo-EM for revealing the lateral organization of biomembranes, a large parameter 

space of experimental conditions remains to be optimized. Here, we systematically investigate the 

influence of instrument parameters and image post-processing steps on the ability to accurately 

measure bilayer thickness and discriminate regions of different thickness within unilamellar 

liposomes. We also demonstrate a spatial autocorrelation analysis to extract additional information 

about lateral heterogeneity. 

 

 

 

Significance 
 

Raft domains in unstimulated cells have proven difficult to directly visualize owing to their 

nanoscopic size and fleeting existence. The few techniques capable of nanoscopic spatial 

resolution typically rely on interpretation of indirect spectroscopic or scattering signals or require 

stabilizing the membrane on a solid support. In contrast, cryo-EM yields direct images of 

nanoscale domains in probe-free, unsupported membranes. Here, we systematically optimize key 

steps in the experimental and analysis workflow for this new and specialized application. Our 

findings represent an important step toward developing cryo-EM into a robust method for 

investigating phase behavior of membranes at length scales relevant to lipid rafts.   
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Introduction 
 

Cell membranes have a remarkable capacity for self-organization conferred by the structural 

diversity of their lipidomes (1). It is increasingly clear that within the outermost plasma membrane 

(PM), nonideal interactions between different classes of lipids results in clustering or even phase 

separation that can in turn influence the spatial organization of proteins (2). The membrane raft 

hypothesis, which grew from the work of Kai Simons and co-workers (3), has triggered extensive 

research to uncover roles for membrane microdomains in cell functions including protein 

trafficking and cell signaling (4). Rafts in cells are transient and nanoscopic in size but can be 

induced to coalesce into larger platforms upon stimulation, for example the crosslinking of 

immune receptors on the cell surface (5). Simplified model systems composed of a few 

representative lipids have been invaluable for teasing apart the physicochemical underpinnings of 

these self-organizing phenomena (6). These efforts have culminated in a consensus that domain 

formation is driven primarily by unfavorable interactions between intrinsically ordered (e.g., 

sphingomyelin) and disordered (e.g., unsaturated phosphocholine) lipids, while the presence of 

cholesterol ensures that ordered domains are fluid (7). 

 

Techniques sensitive to phase separation in membranes can generally be divided into those 

providing indirect evidence of nonrandom mixing and those that provide direct (i.e., visual) 

evidence. Among indirect techniques, 2H-NMR (8) or ESR spectra (9) can in favorable cases be 

decomposed into signal arising from two distinct environments, while abrupt changes in FRET 

between donor and acceptor lipids can occur when phase separation causes spatial reorganization 

of the probes (10)(11)(12). With specialized contrast-matching schemes, SANS is sensitive to 

phase separation of protiated and deuterated lipids (13)(14). All indirect methods ultimately 

involve interpreting an ensemble-averaged signal of limited information content, and most depend 

on some type of model fitting. In contrast, direct visualization by AFM (15), secondary ion mass 

spectrometry imaging (SIMS) (16)(17), or one of the various super-resolution microscopies (18) 

can in principle allow for detailed information about domain size distributions, though in practice 

this goal has not yet been achieved. A significant drawback of AFM and SIMS is the requirement 

of a solid support that can perturb lipid phase behavior (19)(20). While super-resolution 

microscopies are rapidly improving (21), few of the existing modalities are truly capable of < 20 

nm resolution, and each of these (i.e., PALM, STORM, NSOM) suffers from slow image 

acquisition time that blurs information in the spatial regime (18). 

 

The advent of cryogenic electron microscopy (cryo-EM) has revolutionized the field of structural 

biology, allowing for near-atomic resolution structures of proteins and nucleic acids (22)(23)(24). 

Specimens for cryo-EM are prepared by plunging an aqueous sample of a biological material of 

interest into liquid ethane (–188ºC) to rapidly vitrify the sample and lock in the ensemble of 

structures found under native conditions. Vitreous ice lacks long-range structure, a fact that is 

crucial both for preserving the sample and for obtaining high quality EM images (hexagonal ice 

diffracts electrons strongly). Importantly, image contrast in cryo-EM does not rely on the addition 

of any exogenous probe or electron-dense stains that can perturb the native lipid organization. 

 

While many cryo-EM studies have used lipid vesicles as a means for imaging reconstituted 

membrane proteins (25)(26), few have focused on the membranes themselves. Two such studies 

have paved the way for our own work. Tahara et al. showed that the spacing between the two dark 
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concentric circles seen in projection images of lipid vesicles increases with increasing acyl chain 

length, thus demonstrating sensitivity to membrane thickness (27). Sigworth and co-workers used 

atomistic MD simulations to calculate cryo-EM projections of lipid vesicles which, when 

combined with experimental images, provided compelling evidence that the membrane dipole 

potential contributes significantly to its electron scattering profile (28). Building on these earlier 

works, we (simultaneously with the Keller group) were the first to demonstrate that the inherent 

thickness differences between ordered and disordered phases provides sufficient contrast to resolve 

coexisting domains within individual vesicles in cryo-EM images (29)(30). While these proof-of-

principle studies establish the potential of cryo-EM for analyzing membrane structure and 

function, a vast parameter space remains to be optimized, and specialized analysis tools developed, 

before this potential can be fully realized. 

 

To this end, we have undertaken a systematic optimization of key steps in the experimental and 

analysis workflow for extracting membrane thickness from projection images of single-component 

and multi-component lipid vesicles. We report the influence on this measurement of instrument 

parameters such as electron dose, defocus length, and energy filtering, as well as post-processing 

steps including high pass filtering and contrast transfer function corrections. We also demonstrate 

an autocorrelation analysis of the spatially-resolved bilayer thickness that can in principle provide 

estimates of domain sizes. 

 

 

Materials and methods 
 

Chemicals 

 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium 

salt (POPG), and cholesterol (chol) were purchased from Avanti Polar Lipids (Alabaster, AL) as 

dry powders and used as supplied. Stock solutions of phospholipids and cholesterol were prepared 

by weighing powder directly into a volumetric flask and dissolving in HPLC-grade chloroform; 

two tightly-bound water molecules per phospholipid were assumed present in calculations of molar 

concentrations. Stocks were stored at −80C until use. Ultrapure H2O was obtained from a Milli-

Q IC 7000 purification system (Millipore Sigma, Burlington, MA). 

 

Preparation and cryopreservation of large unilamellar vesicles 

 

All data in this study was collected on either single-phase vesicle preparations composed of 

DOPC/POPG (95/5%) or phase-separated vesicles composed of DPPC/DOPC/POPG/chol 

(40/35/5/20%). Aqueous lipid dispersions at 3 mg/mL total lipid concentration were prepared by 

first mixing appropriate volumes of lipid stocks in chloroform with a glass Hamilton syringe. The 

solvent was evaporated with an inert gas stream followed by vacuum desiccation overnight. The 

dry lipid film was hydrated with ultrapure water at 45C for at least 1 h with intermittent vortex 

mixing. The resulting multilamellar vesicle (MLV) suspension was subjected to at least 5 

freeze/thaw cycles between a −80C freezer and a 45C water bath, and was then extruded through 

a 0.1 m polycarbonate filter using a handheld mini-extruder (Avanti Polar Lipids) by passing the 

suspension through the filter 31 times. DOPC/POPG vesicles were extruded at room temperature, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.23.505005doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.23.505005


 4 

and DPPC/DOPC/POPG/chol vesicles were extruded at 45C (~10C above the miscibility 

transition temperature for this mixture). The size and polydispersity of each vesicle preparation 

was assessed using dynamic light scattering immediately after preparation and immediately before 

cryo-preservation, which was typically performed 2-3 days after preparation. 

 

To cryopreserve vesicles, 4 L of sample were applied to a Quantifoil 2/2 carbon-coated 200 mesh 

copper grid that was glow-discharged for 30 sec at 20 mA in a Pelco Easi-Glow discharge device. 

After manual blotting at room temperature (~22C), the grids were plunged into liquid ethane 

cooled with liquid N2. Cryo-preserved grids were stored in liquid N2 until use. 

 

Image acquisition  

 

Image collection was accomplished at various values of underfocus on a Thermo Fisher Titan 

Krios operated at 300 keV equipped with a Gatan K2 Summit direct electron detector operated in 

counting mode. Where noted, data was collected with a Gatan BioQuantum energy filter with a 20 

eV slit in zero loss mode. Data collection was performed in a semi-automated fashion using 

SerialEM software operated in low-dose mode (31). Briefly, atlases were produced in the EPU 

software, and then areas of interest with appropriate ice thickness were identified. Then, 88 

montages were collected at low magnification (4800) at various positions across the grid, with 

individual areas marked for automated data collection. Data was collected at 53,000 nominal 

magnification equating to 2.66 Å/pixel. Nine-second movies of 30 dose-fractionated frames (0.3 

sec/frame) were collected at each target site with the total electron dose kept to < 20 e–/Å2. For 

experiments investigating the effect of electron dose on the sample, the movie acquisition was 

extended to 60 sec. Using scripts in MotionCor2 (32) the movies were motion corrected for 

subsequent analysis. For the analysis of dose damage, the same signal-to-noise in each analyzed 

image was maintained by sequentially choosing the same number of frames for correction at 10-

12 sec intervals of the 60 sec movie. 

 

Image selection and processing 

 

The defocus/astigmatism of each image was assessed with CTFFind4 (v4.1.13) and images less 

than 1 m or more than 4 m underfocus were discarded. Typical image processing steps include 

high pass filtering to remove low-frequency variation in intensity (due to e.g. gradients in ice 

thickness) and phase-flipping to partially reverse the effects of the contrast transfer function. High 

pass filtering of images was accomplished with the mtffilter command in IMOD. Phase-flipping 

was accomplished taking parameters (defocus and azimuth of astigmatism) from CTFFind4 to 

create scripts for correction using the ctfphaseflip routine in IMOD. To determine the influence of 

various image processing steps on bilayer thickness, drift corrected images that were either high 

pass filtered, high pass filtered and phase-flipped, or neither high pass filtered nor phase-flipped 

(i.e., raw images) were analyzed.  

 

Calculation of the contrast transfer function  

 

The contrast transfer function, 𝑐(𝒔), used to generate the results shown in Fig. 5 is given by: 

 

𝑐(𝒔) = [sin 𝜒(𝒔) − 𝑄 cos 𝜒(𝒔)] exp(−𝐵|𝒔|2) ,          𝐸𝑞. 1 
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𝜒(𝒔) ≈ 2𝜋𝜆|𝒔|2 (−
Δ𝑍

2
+

𝐶𝑠𝜆2|𝒔|2

4
) .          𝐸𝑞. 2         

 

In Eqs. 1-2, s is the spatial frequency in units of Å-1, Q is the unitless amplitude contrast factor, B 

is the amplitude decay factor, 𝜒(𝒔) is the phase perturbation factor, 𝜆 is the electron wavelength, 

Δ𝑍 is the defocus length, and 𝐶𝑠 is the spherical aberration coefficient. For the calculations 

presented in Fig. 5 we used typical values from our experiments: 𝑄 =7.5%, 𝐵 = 300 Å2, 𝜆 = 

0.0197 Å (300 keV), and Δ𝑍 ranging from 0-4 m underfocus. We neglected the spherical 

aberration as the coefficient for our instrument (𝐶𝑠 = 2 mm) has an insignificant influence on the 

CTF. 

 

Data analysis and statistics 

 

Individual vesicle contours (identifying the center of the lipid bilayer) from raw, high pass filtered, 

or high pass filtered/phase-flipped images were produced using a neural network-based learning 

algorithm (MEMNET) developed and kindly provided by Dr. Tristan Bepler (MIT). All 

subsequent analyses were performed using custom Mathematica v. 12.0 (Wolfram Research, Inc.) 

routines as previously described (30). Summary data from the Mathematica analyses were plotted 

and statistical analysis performed using Prism (v.9.4.1, Graphpad). 

 

A key measurement obtained from the analysis is the spatially resolved bilayer thickness, details 

of which are provided in our previous work (30). Briefly, bilayer thickness is measured along the 

projected circumference of individual vesicles. The minimum spatial resolution 𝜌 of the thickness 

measurement corresponds to an arc length over which the image intensity is radially averaged (for 

all data presented in this work, 𝜌 was chosen to be 5 nm). The bilayer thickness 𝑡 is then calculated 

as the distance between the two minima in the radially averaged intensity profile. For a vesicle of 

diameter 𝑑, the number of thickness measurements obtained in this way is 𝑁 = ⌊𝜋𝑑 𝜌⁄ ⌋. We also 

computed the lag-ℎ autocorrelation of spatially resolved bilayer thickness 𝜉ℎ  for individual 

vesicles, 

 

𝜉ℎ =
∑ (𝑡𝑖 − 𝑡̅)(𝑡𝑖−ℎ − 𝑡̅)𝑁−ℎ

𝑖=1

∑ (𝑡𝑖 − 𝑡̅)𝑁
𝑖=1

,          𝐸𝑞. 3 

 

where 𝑖 indexes the spatially ordered list of N thickness measurements 𝑡𝑖 in vesicle 𝑗 and 𝑡̅ is the 

mean bilayer thickness averaged over all segments of all vesicles: 

 

𝑡̅ = ∑ ∑ 𝑡𝑖𝑗

𝑁

𝑖=1

𝑁𝑣

𝑗=1

.          𝐸𝑞. 4 

 

For individual vesicles, 𝜉ℎ  was calculated for lags ℎ = 1 to ℎ = 𝑁/2. The set of lag-ℎ values for 

all vesicles were then used to calculate an average 𝜉ℎ  and associated uncertainty and converted to 

autocorrelation data 𝜉(𝑟), where the lag distance 𝑟 = 𝜌ℎ. 
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Results and discussion 
 

We and others have previously established the utility of cryo-EM for quantifying physical 

characteristics of synthetic bilayers (29)(26)(30)(33). Here, we investigated how instrument 

parameters and image processing can be tuned to optimize the information content of these 

experiments using two model systems: a mixture of DOPC/POPG (95/5) that is uniformly mixed 

at room temperature, and a ternary mixture of DPPC/DOPC/POPG/chol (40/35/5/20%) that 

exhibits coexisting liquid phases (Ld+Lo) at room temperature. In both cases, we prepared 

extruded 100 nm vesicles using a small amount of negatively charged lipid (5 mol% POPG) to 

minimize vesicle aggregation and the occurrence of multi-bilayer vesicles (33). 

 

Our results are organized as follows. First, we discuss the influence of instrument parameters (data 

acquisition stage) on measurements. Second, we discuss the influence of post-acquisition image 

processing. Finally, we demonstrate an autocorrelation analysis of the spatially-resolved thickness 

measurements. 

 

Optimization at the stage of data acquisition 

 

Influence of increased electron dose. We first investigated the influence of increasing electron 

dose, which has a favorable impact on contrast-to-noise ratio (CNR) but also produces damage in 

cryo-preserved samples (34). We acquired dose-fractionated movies of the same field of vesicles 

exposed continuously to the electron beam for 60 sec at a defocus of 2 m. The impact of 

increasing accumulated dose on vesicle characteristics was then assessed by adjusting the number 

of frames included in the drift correction step to create the final images. This mode of analysis 

ensures that dose was the sole factor governing the subsequent comparison, as samples collected 

at different locations would be subject to other potentially complicating factors such as different 

ice thickness or astigmatism due to beam shifts. To eliminate contrast gradients across the images, 

data was high pass filtered before analysis. The impact of high pass filtering on measured 

membrane thickness and CNR were assessed and no differences were detected, as expected with 

a simple high pass filter. More direct comparisons on the impact of high pass filtering can be found 

in the section below comparing the influence of defocus on measured parameters (see Fig. 2). 

 

As seen in Fig. 1A, increasing the electron dose has the expected impact on image CNR (here, for 

DOPC vesicles), which increases linearly up to ~ 40 e–/Å2 before leveling off. The gain in contrast 

is accompanied by a systematic decrease in the calculated trough-to-trough distance (DTT) of the 

vesicle bilayers as the sample accumulates damage. The impact of dose is even more dramatic in 

vesicles prepared from lipids that undergo liquid-liquid phase separation (Fig. 1B). For this 

analysis, the number of frames in each drift corrected image was normalized to avoid bias due to 

increased CNR. At the low dose of 13 e–/Å2 (Fig. 1B, green symbols) two distinct peaks are clearly 

observed in the DTT histogram. These correspond to a thinner Ld phase with a mean thickness of 

~ 30 Å coexisting with a thicker Lo phase of ~ 38 Å thickness, consistent with our previous report 

(30). Raising the dose to 39 e–/Å2 (Fig. 1B, magenta symbols) negatively impacts the ability to 

discriminate the Ld and Lo peaks. A further leftward shift of the peak and smearing of the 

distribution occurs at 52 and 65 e–/Å2 (Fig. 1B, blue and red symbols, respectively). The impacts 

of increasing dose on bilayer thickness was quantified and is shown in Table 1.  The average DTT 
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of the ternary sample decreases with increasing dose, consistent with bilayer thinning resulting 

from beam-induced damage as seen in the DOPC sample. Representative images of the dose at 13, 

39, and 65 e–/Å2 show detectable but subtle differences (Fig. 1, panels D-E, respectively). 

 
Table 1. Impact of increasing dose on bilayer thickness. 

Dose 

(e-/Å2) 

# of 5 nm 

Segments 

Mean 

Thickness 
SD 

Thickness (DTT) distribution 

Phase 1 

mean [Å] 

Phase 1 

width [Å] 

Phase 2 

mean [Å] 

Phase 2 

width [Å] 

13 9087 32.1 3.76 30.5 2.2 37.9 1.4 

26 8885 31.3 3.83 29.8 2.6 36.9 2.0 

39 8859 30.4 3.91 29.0 2.7 35.9 2.3 

52 9191 27.8 4.06 26.4 3.1 32.9 2.9 

65 8836 26.8 4.05 24.7 2.8 29.3 3.8 

 

 
Figure 1. Influence of electron dose on bilayer thickness and image contrast. (A) Increasing the electron 

dose from 13-40 𝑒−/Å2 results in an approximate doubling of the image contrast-to-noise ratio (CNR, squares) 

that is accompanied by a 2% decrease in the measured trough-trough distance DTT (circles) in DOPC bilayers. 

A further increase in dose to 55 𝑒−/Å2 causes an additional 2% thinning but without improvement in CNR. 

(B) In a phase-separated ternary mixture, two distinct peaks are observed in the DTT histogram at low electron 

dose (green dots) corresponding to a thin Ld phase and thicker Lo phase. Upon increasing dose, the bimodal 

character of the distribution is lost and there is a leftward shift in the peak DTT distribution. Data represents the 

average DTT from ~125 vesicles from 5 separate images processed for dose as described in Methods. (C, D, E) 

Individual images from the data shown in Panel (B) from 13, 39 and 64 𝑒−/Å2, respectively. Scale bars are 

100 nm. 

 

We conclude from this data that increasing dose has a favorable impact on CNR, but also results 

in specimen damage that negatively impacts the ability to measure bilayer thickness and thus to 

discriminate between phases of different inherent thickness. As evident in Fig. 1B, optimizing the 
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dose becomes particularly important if the goal is to interrogate phase coexistence in individual 

vesicles. Having identified a total dose of ~ 20 e–/Å2 as a reasonable compromise between 

enhanced CNR and minimal impact on bilayer structure, all additional data was collected targeting 

this dose. 

 

Influence of defocus. Because intensity in low-dose cryo-EM is generated primarily by phase 

contrast, defocusing has a large influence on image contrast. An example is shown in the series of 

micrographs of DOPC vesicles in Fig. 2A-C, in which defocus was varied from 0.95-3.3 m: the 

enhancement of image contrast with increasing defocus is striking. To within measurement 

uncertainty, DTT values do not depend on defocus in this set of images, as shown in the plot of 

DTT vs defocus (Fig. 2D).  However, the variance in the measurements are smaller when defocus 

is centered around 2 m.  We also quantified the CNR as a function of defocus (Fig. 2E), revealing 

a steep positive correlation up to ~ 2-2.5 m that is reversed with a further increase in defocus. We 

conclude that a defocus value close to 2 m is optimal for contrast and membrane thickness 

quantification. 

 
 

Figure 2. Influence of defocus on bilayer thickness and image contrast. (A, B, C) Representative sections 

from images of DOPC vesicles obtained at values of defocus from top to bottom: 0.95, 2.1, and 3.3 m. Scale 

bars are 100 nm. (D) Average bilayer thickness DTT quantified from 50-60 vesicles from images at the indicated 

defocus values, all collected at ~20 e–/Å2. For these sets of images, comparisons were made between raw data, 

high pass filtered data, and high-passed filtered and phase flipped data. There was no discernable difference in 

DTT  measured across defoci or among the filters applied. (E) Contrast-to-noise ratio (CNR) quantified from 

the same 50-60 vesicles each from the images analyzed in (D). There is an increase and then decrease in CNR 

at increasing values of defocus. Additionally, phase flipping of the data showed a modest but reproducible 

increase in CNR up to 2.2 m defocus. 
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Influence of energy filtering. Energy filtering is a common strategy to improve signal-to-noise in 

cryo-EM by minimizing the contribution of inelastically scattered electrons in the final image. To 

evaluate the impact of energy filtering, we collected data from areas of the same EM grid of a 

DOPC sample, with and without energy filtering (20 eV slit in zero loss mode).  Figure 3 shows 

representative images collected without (panel A) and with (panel B) energy filtering. The impact 

of energy filtering is most easily seen by comparing radially averaged vesicle intensity profiles of 

images collected at a similar defocus and dose, either without or with energy filtering as shown in 

Fig. 3C. The energy filtered profiles (Fig. 3C, green profiles) show less intensity variation than 

unfiltered profiles (Fig. 3C, magenta profiles). Despite the reduction in intensity variation, when 

data from 80-120 vesicles across five separate images (matched for defocus between 1.8-2.0 m) 

are pooled, there is little discernible difference in the peak position or width of the thickness 

probability distribution of energy filtered vs. unfiltered data (Fig. 3D and Table 2). Additionally, 

there is no difference in CNR (Table 2). We conclude that collecting data using an energy filter 

offers a discernable but minor advantage for measurements of bilayer thickness distributions. 

Further, we repeated this analysis of CNR and bilayer thickness in phase-separated vesicles with 

and without energy filtering (Fig. 4). Energy filtering results in a small shift in the apparent phase 

fractions toward the thinner disordered phase and a slight rightward shift in the thickness 

distribution (Fig. 4C, Table 2). We conclude that energy filtering offers no distinct advantages for 

the analyses used here. Instead, careful attention to dose and defocus are more important 

considerations for optimizing images for membrane thickness measurements. 

 
Figure 3. Influence of energy filtering on bilayer thickness and image contrast. Representative images of 

DOPC vesicles without (panel A) and with (panel B) energy filtering. Data collected at ~20 e-/Å2 and 2 um 

under focus. Scale bar is 50 nm. (C) Radially averaged intensity profiles for DOPC vesicles without (magenta) 

and with (green) energy filtering. (D) Bilayer thickness (DTT) histograms of images acquired with energy-

filtered (green) or without energy filtered (magenta).  
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Figure 4. Influence of energy filtering on bilayer thickness and image contrast. Representative images of 

DPPC/DOPC/cholesterol vesicles without (panel A) and with (panel B) energy filtering. Data collected at ~20 

e-/Å2 and 2 um under focus. Scale bar is 50 nm. (C) Bilayer thickness (DTT) histograms of images acquired 

with energy-filtered (green) or without energy filtered (magenta). 

 

 

 

 
Table 2. Influence of energy filtering on bilayer thickness and image contrast. 

Sample 
Energy 

filtered 
N CNR 

Thickness (DTT) distribution 

Phase 1 

mean [Å] 

Phase 1 

width [Å] 

Phase 2 

mean [Å] 

Phase 2 

width [Å] 

DOPC No 120 19.9 28.8 1.2 -- -- 

DOPC Yes 86 20.7 28.5 1.1 -- -- 

Ternary No 75 16.9 29.3 1.8 35.3 2.0 

Ternary Yes 91 17.0 30.3 2.4 36.6 1.2 

 

 

3.2 Optimization of image post-processing and analysis 

 

Influence of phase-flipping and high pass filtering. Imaging strives to provide as accurate a 

reproduction of the original object as possible. Achieving this goal is particularly challenging in 

low dose cryo-EM because signal is largely (> 90%) from phase-contrast that is dependent on a 

number of instrument properties, including accelerating voltage and spherical aberrations (which 

are largely fixed) and the setting of defocus as highlighted above. A striking example of the impact 

of defocus on image formation is evident in Fig. 2, which clearly shows how increasing defocus 

increases image contrast. This effect, termed the contrast transfer function (CTF), has an 

oscillating behavior where the information transferred into the image is a complex function 

dependent on the frequency of spatial information (Fig. 5). Additional factors such as the envelope 

function of the microscope tend to selectively dampen the transmission of higher frequency 

information (Fig. 5). These well-described phenomena are common to all cryo-EM studies, and 

image restoration algorithms have been developed to recover (as best as possible) information in 

the digital image to accurately represent the original object. The simplest way to correct for CTF 

artifacts is to invert the sign of the phases in the negative regions (“phase-flipping”) after 

estimating the image’s CTF, an operation that is typically performed in conjunction with removing 
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frequencies near the zeros of the CTF that contain essentially no structural information and 

contribute only to noise.  

 

 

 
 

Figure 5. Influence of defocus on the contrast transfer function. The CTF given by Eqs. 1-2 (Methods) was 

simulated at various levels of defocus. The amplitude and frequency of the oscillations increases with 

increasing defocus: ∆𝑍 = 0.0 (blue), 1.0 (orange), 2.0 (red) and 3.0 (green). The decreased amplitude of the 

CTF at higher spatial frequencies is the result of the envelope function of the microscope (the exponential term 

in Eq. 1). Values of the fixed parameters were: 𝑄 = 7.5%, 𝐵 = 300 Å2, 𝜆 = 0.0197 Å, 𝐶𝑠 = 0. 

 

To assess the impact of these post-processing steps, we selected micrographs that fell within a 

narrow range of defocus (1.8-2.0 m) for analysis. Images were typically high pass filtered to 

remove low frequency variation in intensity that can arise from sources like gradients in ice 

thickness across the field of view. Figure 6 shows representative images before (panel A) and after 

(panel B) processing by a high pass filter either alone or with phase-flipping (panel C). There is 

little visually identifiable difference in images before or after these processing steps. Nevertheless, 

quantitative image analysis revealed two impacts of phase-flipping. First, there was a small but 

consistent increase in the DTT values of phase-flipped data, independent of energy filtering (Fig. 

6D and 6E, Table 3). Second, there was a consistent increase in the CNR of phase-flipped images 

(Table 3). In contrast, high pass filtering had essentially no impact on CNR or measured bilayer 

thickness (Fig. 2B and C, Table 3). We conclude that phase-flipping has a favorable impact on the 

quantification of membrane thickness, presumably due to increases CNR, and should be 

considered when optimizing analysis of membranes using cryo-EM. 
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Figure 6. Influence of phase-flipping on bilayer thickness measurements. (a) Representative image of 

DOPC vesicles before (A) and after application of high pass filter separately (B) and with phase-flipping (C). 

Scale bars are 100 nm. Also shown are bilayer thickness (DTT) histograms of images before (green) and after 

(magenta) phase-flipping for non-energy filtered (D) and energy-filtered (E) images. 

 

 

 
Table 3. Influence of phase-flipping on bilayer thickness and image contrast. 

Sample 
Energy 

filtered 
N CNR 

Thickness (DTT) distribution 

Phase 1 

mean [Å] 

Phase 1 

width [Å] 

Phase 2 

mean [Å] 

Phase 2 

width [Å] 

DOPC No 120 120 23.6 29.4 1.0 -- 

DOPC Yes 86 86 23.9 29.4 0.8 -- 

Ternary No 75 75 19.2 29.9 1.7 36.3 

Ternary Yes 91 91 18.9 30.7 1.9 37.0 

 

 

Autocorrelation of spatially resolved thickness to assess lateral heterogeneity. We previously 

showed that coexistence of ordered and disordered phases can be inferred from histograms of 

spatially resolved bilayer thickness (DTT) measurements (Heberle et al., 2020). Histograms of DTT 

measured at 5 nm resolution along the projected vesicle circumference show a single peak for 

DOPC vesicles that is well fit by a single Gaussian distribution (e.g., Fig. 3D, Fig. 5D and E). In 

contrast, histograms from ternary vesicles show a bimodal thickness distribution (Fig. 1B and 4C). 

 

Because the ability to discriminate two distinct thickness populations depends on the intrinsic 

thickness difference between the coexisting phases and likely also on domain size, we investigated 

an alternative approach to identifying lateral heterogeneity through the spatial autocorrelation of 

DTT calculated for individual vesicles and averaged over the population of vesicles. Figure 7 shows 

the resulting autocorrelation data for DOPC and ternary vesicles with (green) and without 

(magenta) energy filtering. For DOPC vesicles, the autocorrelation curves are essentially 
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structureless as expected for a uniform bilayer. There is no discernible heterogeneity in the 

thickness of the membrane across length scales. In contrast, curves for ternary vesicles show a 

strong positive thickness correlation at short lag distances that gradually decays to a positive 

baseline value at a distance of 20-30 nm (Fig. 7, light blue triangles). A plausible explanation for 

the positive baseline value at longer lags is the presence of vesicles that exhibit only Ld or Lo in 

projection. The structure in the autocorrelation data from the ternary mixture is consistent with 

lateral heterogeneity and may provide an important tool for assessing the presence of phase 

separation in cases of smaller intrinsic thickness differences between coexisting phases. As noted 

above, for both types of vesicles, energy filtering has practically no effect on the autocorrelation 

curves. 

 

 
Figure 7. Spatial autocorrelation of bilayer thickness. Spatial autocorrelation of DTT for DOPC (green and 

magenta) and ternary vesicles (light blue and dark blue) with (magenta and dark blue) and without (green and 

light blue) energy filtering. 

 

 

 

Conclusion 
 

Our results provide concrete guidelines for minimizing artifacts while maximizing the information 

content of cryo-EM images of lipid bilayers. Specifically, total dose should be kept below 20 e−/Å2 

to minimize specimen damage that negatively impacts the ability to measure membrane thickness. 

Additionally, ~ 2 m underfocus was found to provide good contrast while avoiding smearing that 

leads to artifacts in assessing membrane thickness. Energy filtering of the primary data did not 

provide any distinct advantages for assessing membrane characteristics. Image processing using 

high pass filtering and phase-flipping were found to increase the quality and contrast-to-noise ratio 

in the data and are recommended for optimizing analyses of lipid bilayer thickness. Finally, we 

demonstrate the use of a spatial autocorrelation as an additional tool to assess the presence of phase 

separation. Autocorrelation curves may prove useful for mixtures with a smaller intrinsic thickness 

difference between coexisting phases, or with inherently smaller domains that may be difficult to 

see by eye. 
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