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Abstract

A low beam intensity, low electron dose imaging method has been developed for single-particle electron cryo-microscopy (cryo-EM).
Experiments indicate that the new technique can reduce beam-induced specimen movement and secondary radiolytic effects, such as
‘‘bubbling’’. The improvement in image quality, especially for multiple-exposure data collection, will help single-particle cryo-EM to
reach higher resolution.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Single-particle electron cryo-microscopy (cryo-EM) has
been established as a versatile imaging technique for
high-resolution structural analysis of biomolecular systems
(Frank, 2002). In cryo-EM, protein molecules embedded in
vitreous ice are imaged by transmission electron micros-
copy. The vitreous-ice environment (�90 K cooled by
liquid nitrogen, or �4 K when using liquid helium) holds
the protein molecules in place and preserves them in a
hydrated state. Images of the particles at various orienta-
tions are then analyzed to reconstruct a 3D density model.
During imaging, the high-energy electron beam causes
radiation damage to the ice and the embedded protein mol-
ecules. To alleviate this damage, the imaging electron dose
must be carefully controlled. According to common prac-
tice, the total dose deposited on the protein specimen
should be limited to 10–30 e�/Å2, depending on the accel-
eration voltage (100–300 keV) used in the experiment. This
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protocol is referred to as low-dose imaging. In addition, to
reduce the effect of mechanical instability of the microscope
cryo-stage on image recording, the beam exposure is nor-
mally kept within 1 s. The beam intensity is then adjusted
to match the aforementioned electron dose.

The physical and chemical principles of the radiation
damage to protein molecules remain a subject under inves-
tigation in cryo-EM research (Glaeser and Taylor, 1978;
Cosslett, 1978; Misra and Egerton, 1984; Downing and
Glaeser, 1986; Dubochet et al., 1988). It is now generally
accepted that the damage is mainly caused by free radicals
from beam ionization, and it has been demonstrated, by
measuring the ‘‘critical exposure’’ of catalase 2D crystals,
that the decrease in achievable resolution correlates to
the total electron dose deposit (Taylor and Glaeser,
1976). The electron beam irradiation can also generate
positive charge on the specimen by ejecting electrons. The
accumulated charge may induce stress/movement in the
specimen and interact with the beam to distort the recorded
image.

Ideally, the structure of the specimen, namely the pro-
tein molecules, the vitreous-ice layer and the carbon-film
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support, should remain rigid during image acquisition so
that the information recorded in electron micrographs
can be maximized. In reality, however, the charge accumu-
lation and radiation damage can disrupt the structure of
the specimen, resulting in the movement of individual par-
ticles in the image during a beam exposure. In the most
severe cases, hydrated specimens appear to boil, an effect
often referred to as ‘‘bubbling’’. The bubbling effect is
mainly caused by the radiolysis of water molecules to the
extent that pockets of hydrogen gas form in the specimen
(Leapman and Sun, 1995). Electron beam heating is
thought to be negligible for the low beam current used with
thin vitrified specimens at liquid-nitrogen temperature
(Dubochet et al., 1988). It is frequently observed that gas
pockets develop preferentially at the interfaces between
carbon film and ice or protein molecule and ice. An inter-
face represents a point of structural discontinuity, and
appears to promote gas pocket formation. Specimen bub-
bling represents a more macroscopic effect of radiation
damage, compared with the more microscopic damage of
chemical bonds breaking within molecules. Bond breaking
also degrades the image resolution because it randomly
perturbs protein structure. It is, however, less likely to
cause the movement of entire sections of the specimen, as
has been observed in bubbling. Bubbling is a consequence
of chemical bond breaking coupled with the migration of
radicals, the products of radiolysis, to high concentration
in certain areas of the specimen. We will, therefore, distin-
guish between these two effects in the following discussion.

Aiming to develop an imaging method that can reduce
specimen damage and movement, we have investigated a
dose-rate effect in cryo-EM data collection. This method
was tested on samples prepared using holey carbon film.
The protein molecules were suspended in ice across the
holes without carbon support. Our experiments indicate
that effects of radiation damage (e.g., bubbling) are dic-
tated by both the total electron dose deposit and the rate
of dose delivery. Based on this research, we introduce a
novel imaging mode named ‘‘low intensity and low dose
acquisition’’, or LINDA, which can aid single-particle
cryo-EM to reach higher resolution.

LINDA imaging uses a low-intensity electron beam for
data collection, and the beam flux is normally kept below
3 e�/Å2 s. In order to obtain enough electron counts to
achieve the image contrast and signal-to-noise ratio
(SNR) for the subsequent data analysis, an exposure usu-
ally continues for 5–10 s. As demonstrated by the following
experiments, existing electron microscopes can provide the
required mechanical stability for successful LINDA data
collection.

2. Experiments and analyses

To evaluate the LINDA imaging protocol, the quality of
images acquired needs to be compared with that from the
conventional imaging method, which uses a higher beam
intensity and �1 s exposure (referred to as ‘‘HiFlux’’ in
the following). Experiments have been conducted to assess
various aspects of radiation damage, particle movement,
bubbling, signal strength, and the resolution of recon-
structed models. The data were collected on an FEI Tecnai
F30 and an FEI G2 Polara electron microscope. The high-
stability specimen stage of the Polara microscope provides
the stability required for the LINDA protocol. The results
indicate that images collected using the LINDA protocol
contain enhanced high-resolution contrast. In addition,
LINDA imaging can prolong the overall structural integ-
rity of the specimen at higher dose and can produce consis-
tent, high-quality images in multiple-exposure data
collection. This imaging mode is, therefore, particularly
suitable for random conical tilt (Radermacher et al.,
1987), orthogonal tilt reconstruction (Leschziner and
Nogales, 2006) and tilt-series data acquisition in single-par-
ticle electron cryo-microscopy.
2.1. Beam-induced movement

Colloidal gold clusters (�10 nm in diameter) embedded
in vitreous ice are used as fiducial markers to monitor the
effect of beam-induced movement of particles embedded
in ice. The field emission gun of the Tecnai F30 microscope
is operated at 200 kV, C2 and objective apertures of 70 lm
are used, and the magnification is 59,000. The spot size
used for LINDA and HiFlux imaging is 10 and 7, respec-
tively. In LINDA imaging, the beam flux is set to 1.5 e�/
Å2 s, and the exposure continues for 10 s. In HiFlux imag-
ing, the beam flux is 15 e�/Å2 s, and the exposure takes
only 1 s. For each imaging protocol, a group of image pairs
are collected at defoci between 2 and 4 lm. In each pair,
two consecutive exposures are taken over the same speci-
men region at the same defocus (see one example in
Fig. 1). The exposures are separated by beam blanks to
provide time for charge dissipation. The duration of beam
blank is varied to test for the influence of charging on the
specimen. The experimental result presented here used a
beam blank of 5 min. The distances of the fiducial markers
between the first and second image, referred to as d1 and d2
in Fig. 1, are compared. To detect subtle changes, the dif-
ference in intra-marker distances between the image pairs
(d1 � d2) is used to gauge the beam-induced particle move-
ment. This measurement eliminates the need for a fixed
frame-of-reference for fiducial registration, which can be
error-prone if the frame-of-reference is not absolutely sta-
tionary. In our analysis, the fiducial pairs are selected ran-
domly across the ice layer, evenly distributed from the
center to the carbon-film boundary. The orientation of
the distance vectors is also random, with no radial or tan-
gential preference. Furthermore, tomograms of some of the
specimens show that there is no preference for the fiducial
markers to be near the specimen surface or the center (data
not shown). Assuming independent displacement of the
sparsely located fiducial markers, large deformation of
the ice layer, introduced by the electron beam irradiation,



Fig. 1. Two consecutive exposures of colloidal gold fiducial markers (10 nm, dark dots) in vitreous ice. The intra-particle distance change between two
exposures is defined as (d1 � d2).
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will be reflected by significant intra-marker distance
changes between images in a pair.

The SIGNATURE program (Chen and Grigorieff,
2007) is used to register the gold markers in each image
pair. Markers in the first image are identified by tem-
plate-matching, using a rotation-average of a few manually
annotated markers as the initial reference. The images of
selected particles are then used as the templates to locate
the corresponding fiducial markers in the second image,
at a resolution of 1.2 Å/pixel. Six micrograph pairs are
used for each imaging method for the statistical analysis
of the distance changes, and the distribution histogram is
plotted in Fig. 2a. For the LINDA protocol, the mean dis-
tance change is 2.5 Å (1.7 Å SD), while for the HiFlux pro-
tocol, the mean is 7.5 Å (5.5 Å SD). Even though the total
electron dose is the same (15 e�/Å2) in both cases, the smal-
ler relative displacements of the fiducial markers in the
images collected using LINDA indicate that lower beam
intensity introduces a smaller disturbance in the cryo-spec-
imen than the HiFlux protocol. The statistical error in the
distance measurement is found to be similar to the pixel
size, about 1.5 Å. The error is determined by scanning
the same electron micrograph twice using the same scanner
setup, but with a �45� rotation of the micrograph between
the first scan (A) and the second scan (B). The 45� rotation
is chosen because it generates the largest difference between
the scanning grids in the image pair. Images A and B are
aligned to each other (using the entire image frame) to
establish the ground-truth linear transformation between
the two images. Then the regions of interest containing
the fiducial marker pairs are cropped out for an indepen-
dent alignment via the aforementioned particle-specific
template matching, and the result is compared to the
ground-truth transformation. As another test, synthetic
(normally distributed) noise is added to image B using a
noise variance of either 50% or 100% of the variance of
image B, to simulate image quality degradation between
electron beam exposures. Comparison of the alignment
results of image A with the rotated image and images with
added noise all indicate that the statistical error in the fidu-
cial distance measurement is approximately 1.5 Å, compa-
rable to the micrograph scanning resolution. This accuracy
is achievable mainly because of the very high SNR of the
fiducial markers in the cryo-EM images.

Possible causes for the observed marker displacement
may include: (1) the gold particles can travel in the vitreous
ice, even at 90 K temperature (Iancu et al., 2006), (2) the
entire ice layer embedding the gold particles deforms under
the electron beam irradiation (Dubochet et al., 1988), and/
or (3) specimen charging that results in a change of magni-
fication in the recorded images (Brink et al., 1998). Accord-
ing to the skewed displacement histogram in Fig. 2a, most
of the distance changes are positive, especially for the
HiFlux mode. The skew cannot be explained by randomly
traveling particles, which should have equal probability for
positive and negative distance changes. Since the distance
change is defined as the difference between the separation
of one particle pair in the first image and that of the corre-
sponding pair in the second image, the distribution of the
histogram indicates that the distances between markers
tend to become smaller. In repeated experiments, two expo-
sures are separated by up to half an hour. This gives
enough time for any accumulated charge to dissipate, thus
ruling out a magnification change due to specimen charg-
ing as a possible explanation for the observed displacement
of the markers. Therefore, the observed displacement
implies an overall contraction of the ice layer when irradi-
ated by the high-energy electron beam. More evidence sup-
porting this hypothesis comes from the plot of the absolute
distance change against the distance between a marker pair
(Fig. 2b): the distance change increases when the particle
pairs are farther apart. This correlation can also be



Fig. 2. (a) Intra-marker distance change between the double exposures.
The beam-induced particle movement is larger in HiFlux. Both distribu-
tions are skewed towards the positive side, which indicates an overall
contraction of the specimen. (b) Absolute intra-marker distance change
correlates with the marker-pair separation. The beam-induced particle
movement is much smaller in LINDA. (c) Continuous particle movement
during multiple exposures. The lines represent least-square fitting (y = kx)
to the respective datasets. Using the triplet (k, Dk, e)n to designate the
slope k, the error in k and the fitting variance from the nth exposure, the
results are (0.81, 0.19, 3.65)2, (0.99, 0.23, 3.97)3, (1.41, 0.35, 5.06)4 and
(1.82, 0.47, 7.34)5.
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explained by an overall contraction of the ice layer. Our
result agrees with previous observations: with a well-cen-
tered illumination, a typical pattern of specimen movement
is a radial drifting that increases with the distance to the
center of illumination (Dubochet et al., 1988).

How does the beam-induced specimen movement
change as beam irradiation continues? To investigate, we
collected serial LINDA images in which five exposures
are recorded over the same region with 30-min beam-blank
in between. Following the above distance measurement, the
particle displacements, as compared to the first exposure,
are summarized in Fig. 2c. It is observed that the beam-
induced movement increases with continued beam expo-
sure. Assuming that the particle displacement is propor-
tional to the pair separation, we applied linear-regression
to fit lines to the respective datasets. The result from this
simple model suggests that the beam-induced specimen
movement is approximately proportional to the accumu-
lated dose. Mass loss of the bulk ice layer due to the elec-
tron beam irradiation may be a possible cause (more in the
Section 3). The data from HiFlux imaging is not included
for analysis, since most ice layers broke after two or three
exposures. It is interesting to note that the scatter of the
individual distance change measurements in Fig. 2c also
increases with repeated exposures. This suggests that the
observed distance changes must also include a random
component, presumably due to the mobility of the gold
particles in the ice (Iancu et al., 2006).

Another important question about the beam-induced
specimen shift is when exactly the movement occurs—dur-
ing the electron exposure or during the pause between
exposures. By employing the LINDA protocol which
induces much less movement compared with HiFlux imag-
ing, we can monitor the specimen movement in HiFlux
imaging. In a series of images on the same specimen region,
the first image is collected by HiFlux imaging, and the sub-
sequent images using LINDA to monitor the fiducial
movement. The exposure interval between the HiFlux
image and the LINDA series varies from 1 to 30 min,
and the exposure interval between the probing LINDA
images varies from 1 to 5 min. We then analyzed the fidu-
cial distance change in the LINDA series following the
same procedure as described for Fig. 2c. If the specimen
movement from the HiFlux imaging continued well after
the HiFlux beam is turned off, one should observe
increased distance change in the LINDA data (higher
slope). Our analysis does not reveal any apparent deviation
from the pattern in Fig. 2c. As a result, we conclude that
the fiducial movement in the cryo-specimen stops within
a short period (less than one minute) after the beam blank.

2.2. Protein damage and specimen bubbling

Tobacco mosaic virus (TMV) (Namba et al., 1989) is
used to assess the effects of radiation damage on the overall
structural integrity of the protein specimen and on the sig-
nal contrast in the image. This section reports a qualitative
experimental observation. A quantitative evaluation of the
image contrast and signal content will be presented in the
next two sections.

The TMV filament is about 180 Å in diameter, with a
central channel at 40 Å across. The visibility (image con-
trast) of this central channel serves as a qualitative criterion
for assessing the integrity of the structure. Using the
LINDA protocol, the beam flux is set to 1 e�/Å2 s, and
the exposure lasts 10 s. With the HiFlux protocol, the beam
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flux is 10 e�/Å2 s, and the exposure is 1 s long. Both the
LINDA and HiFlux images are collected on the TF30 elec-
tron microscope at 3.5 lm defocus. As before, the micro-
scope is operated at 200 kV, the C2 and objective
aperture diameters are 70 lm, and the spot size for LINDA
and HiFlux imaging is 10 and 7, respectively. Images are
recorded by a 4 k · 4 k Gatan CCD camera with a pixel
size on the specimen of 2.0 Å and the beam touching the
carbon support film. Using 45� tilts in both directions,
the ice thickness was determined to be between 500 and
800 Å. The ‘‘Acquire Series’’ function of the CCD camera
is used to take three consecutive images at the same region
for each imaging method, with a 60 s interval between the
exposures (Fig. 3).

In HiFlux images, the central channel of TMV is clearly
visible in the first exposure (A1). The channel becomes
blurry in the second image (A2), and the ice droplet con-
tamination starts disappearing. In A3, after accumulating
a dose of 30 e�/Å2, the channel almost disappears, and
the ice droplets seen in the first image have completely dis-
appeared. When using LINDA imaging, the contrast of the
TMV central channel appears to be higher in the first expo-
sure, compared to the corresponding HiFlux image (a more
quantitative evaluation of the contrast in the first exposure
will be done in the next section). In the subsequent expo-
sures, the ice droplets disappear at a much slower rate.
The channel is still clearly visible even in the third expo-
sure, when the cumulative dose also reaches 30 e�/Å2.
Fig. 3. HiFlux (top) and LINDA (bottom) imaging. Three consecutive exposur
an FEI TF30 electron microscope. The ice droplets in A1 is noticeably smaller
specimen grid, the ice droplets are expected to have similar size before beam e
HiFlux beam exposure.
In a separate experiment, different bubbling behavior
of a cryo-EM specimen under different imaging modes
is observed (Fig. 4). For each imaging mode, three con-
secutive exposures are taken from the same region of
the specimen with a 60 s beam blank between exposures.
The beam intensity is set to 10 e�/Å2 s in the HiFlux
mode, with 1.0 s exposure duration. For the LINDA
protocol, the beam intensity is 1 e�/Å2 s, and each expo-
sure takes 10 s. Although the total dose deposited by
the end of the third exposure is the same in both cases
(30 e�/Å2), the bubbling is evident in HiFlux, yet nearly
absent in LINDA. Again, the ice droplets are less
affected by the multiple exposures, using LINDA. These
experiments using both imaging protocols have been
repeated on different specimen grids and on different
electron microscopes, showing that the results are repro-
ducible. It is worth noting that bubbling occurs most
frequently around ice/carbon-film and ice/protein
interfaces.

We have also tested LINDA imaging at even lower
intensity and longer exposure on TMV. In one such exper-
iment, the beam is set to 1 e�/Å2 s, with 60 s exposure. The
specimen withstands the high dose well, and there is no vis-
ible bubbling in the image. Lower dose-rate, therefore, can
increase the total macroscopic dose tolerance of a specimen
in cryo-EM. We assume that the damage due to bond
breaking still occurs in LINDA imaging as much as it
occurs in the other imaging modes.
es by each protocol. All images are collected at 200 keV, 3.5 lm defocus on
than those in B1. Since these images are collected in the same area on the
xposure. The smaller size in A1 is due to a stronger sublimation from the



Fig. 4. Comparing specimen bubbling under HiFlux and LINDA imaging modes. Bubbling occurs at significantly lower total dose under HiFlux
conditions.
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2.3. Image contrast

The contrast of an image can be quantitatively analyzed,
using the image power spectrum. Well-ordered specimens,
such as 2D crystals, are often used for this purpose since
they generate clearly identifiable signal in a power spec-
trum (Taylor and Glaeser, 1976). TMV is ideal for the
preparation of a specimen embedded in ice and unsup-
ported by a carbon film (Henderson, 1992). The image con-
trast generated by TMV can be analyzed in a power
spectrum that contains strong layer-lines, typical of helical
filaments. We use TMV in the experiment to analyze the
image contrast from various imaging modes of single-par-
ticle electron cryo-microscopy.

Mechanical stability of the microscope specimen stage is
critical in the image power spectrum analysis. The data is
collected on an FEI Polara electron microscope, which is
equipped with a high-stability cryo-stage that can provide
the required stability. The Polara is operated at 300 kV,
C2 and objective apertures of 70 lm are used and the mag-
nification is 59,000. The spot size used for LINDA and
HiFlux imaging is 7 and 3, respectively. For each imaging
mode of LINDA and HiFlux, a few dozen images are col-
lected, with the defocus ranging between 2.5 and 4.5 lm.
The beam is carefully adjusted to cover an entire whole
and some of the adjacent carbon. TMV rods are first man-
ually boxed and then computationally aligned to a horizon-
tal orientation, by the SIGNATURE program. To
accommodate the varying lengths of the filament (some
rods were partially broken, but the remaining parts were
still long enough to be analyzed), each filament is cut into
575 Å long segments, which correspond to exact multiples
of one helical turn (23 Å) at the image pixel-size. This seg-
mentation also limits the influence of slight filament bend-
ing on the power spectrum. The 2D power spectrum of
each segment is calculated, and all the spectra are summed
up to enhance the layer-line signal. The contrast transfer
function (CTF) of the microscope is corrected by a Wie-
ner-filter-like scheme (Grigorieff, 1998) when the spectra
are summed (Eq. (1)):

F ¼
P

nF n � CTFn
P

nCTF2
n þ e

ð1Þ

where Fn is the Fourier-transform of the nth filament seg-
ment, and F is the image sum in the Fourier space. e is
added to avoid singularity in the denominator and is set
to 0.05. To simplify the analysis, the resulting 2D spectrum
is further projected onto the filament axial direction to pro-
duce a symmetric, 1D spectrum. For clarity, only one-half
of the spectrum from each mode is plotted, and the two are
juxtaposed in Fig. 5a for comparison.

Both spectra have been normalized by the first major
peak (A) from the center, so that the corresponding peaks
between LINDA and HiFlux can be directly compared.
The peaks in the LINDA spectrum extend further towards
the high-resolution domain (arrows in the figure), and the
relative strengths of the peaks are more significant. Images
acquired by the LINDA protocol therefore contain stron-
ger signal under the same dose condition. This enhance-
ment is consistent with the reduced specimen movement



Fig. 5. (a) Image power spectrum comparison between LINDA and
HiFlux. The peaks (labeled by A, B, C, D) from LINDA are stronger and
extend further to higher resolution (the arrows). (b) Image power
spectrum comparison between LINDA and HiFlux imaging methods.
The defocus of both images is around 2.5 lm in this example. The beam
envelope function, as judged from the Thon ring amplitudes, is compa-
rable in the resolution range of interest.

Fig. 6. A TMV 3D density map reconstructed from LINDA imaging.
Left: a side view. Right: a central section.
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and higher tolerance to radiation damage, discussed in the
previous sections.

One way to quantify the comparison would be to
evaluate the ratio of Fobs/Fcalc, where Fobs is measured
from the image spectrum, and Fcalc is calculated from
model projections using an atomic model for TMV.
However, solvent effects would have to be taken into
account for this comparison, making a quantitative com-
parison difficult. We therefore rely on the plot in Fig. 5a
to compare the image quality from the LINDA and
HiFlux methods. To rule out the effect of the beam enve-
lope function on both imaging modes, we analyzed the
power spectra of images of bare carbon-film (coated with
ice) from LINDA and HiFlux imaging. The defocus
range covers 2.5 to 4.5 lm, exactly the same as the setup
used for the TMV data collection. As shown in Fig. 5b
for a pair of images at about 2.5 lm defocus, their enve-
lope functions are comparable in the resolution range
where peaks are visible in Fig. 5a. Therefore, the
observed stronger signal in Fig. 5a is due to the improve-
ment introduced by the LINDA imaging method.
2.4. Quality of reconstructed models

To monitor the quality degradation in cryo-EM images,
we also compared the 3D density models reconstructed
from multiple-exposure images. In the experiment, doubly
exposed TMV images are collected, under both LINDA
and HiFlux modes, on the TF30 electron microscope. As
before, the microscope is operated at 200 kV, the C2 and
objective aperture diameters are 70 lm, the magnification
is 59,000, and the spot size for LINDA and HiFlux imag-
ing is 10 and 7, respectively. A single-particle based method
(Sachse et al., 2007) is applied to process the images and
calculate the reconstruction. In the data collection, the
defocus ranges from 2.5 to 4.5 lm, and the total dose is
about 15 e�/Å2 in each case, with 10 s exposure for
LINDA imaging and 1 s exposure for HiFlux imaging.
The image pairs are consecutively recorded at the same
defocus. Four models are then independently recon-
structed, using images from (1) LINDA 1st exposure
(Fig. 6); (2) LINDA 2nd exposure; (3) HiFlux 1st exposure;
and (4) HiFlux 2nd exposure. To monitor the image quality
change between two exposures under the same imaging
mode, the reconstructed models are aligned, and the
cross-correlation coefficient is measured. For LINDA, the
correlation between the two models is 0.973, while for
HiFlux, the correlation is 0.932. The higher correlation
between the models, derived from LINDA, suggests that
a lower dose-rate can reduce the beam-induced structural
change in the specimen. This imaging protocol should help
the cryo-EM structural analysis to reach higher resolution.
3. Discussion

We have developed a new image collection protocol,
LINDA, for single-particle electron cryo-microscopy. At
a low dose-rate, the new protocol can reduce specimen
bubbling and movement, and prolong the overall structural
integrity of protein macromolecules embedded in vitreous
ice under high-energy electron beam irradiation. The low
beam intensity of LINDA enables the use of a smaller C2
aperture setup on the microscope, which can enhance the
spatial coherence of the imaging beam. As a result, the
envelope function of the CTF extends to higher resolution,
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and the signal in the image at high-resolution is better pre-
served. Taking advantage of these properties, LINDA is
most suitable for multi-exposure data collection, for exam-
ple, for random conical tilt reconstruction, orthogonal tilt
reconstruction and tilting series. In these cases, a higher
total dose can be applied to each frame to improve the
image contrast, and the reduced specimen movement will
make the nominal reading of the tilt-geometry more reli-
able for the subsequent data processing. Another applica-
tion of LINDA is for defocus-pair data collection, in
which two images of the same specimen area are collected,
the first one at low defocus, and the second one at high
defocus. The higher image contrast in the second frame
can be employed in the initial processing and refinement.
The particle alignment parameters can then be mapped
directly to the first image at lower defocus, which contains
stronger high-resolution signal, for the final model recon-
struction and refinement. The newly developed LINDA
protocol can easily be incorporated into automated data
collection systems, for example, LEGINON (Carragher
et al., 2000). Therefore, applying LINDA imaging in rou-
tine cryo-EM data collection should be straightforward,
as long as a high-stability sample stage is available.

Given the experimental observations reported above,
further research is required to gain a complete understand-
ing of the physics and chemistry of electron radiation dam-
age in cryo-EM. Here we venture to offer some tentative
explanation for the observed phenomena in LINDA
imaging.

Electron beam irradiation removes water molecules
from an ice layer through sublimation (Dubochet et al.,
1982) and radiolysis that leads to bubbling. This mass loss
introduces structural instability, specimen deformation and
movement. Although the electron beam irradiation heats
the specimen, the temperature rise is negligible in low-dose
TEM, and is not the cause of specimen bubbling (Dubo-
chet et al., 1988). The fast disappearance of ice droplets,
frequently observed in HiFlux imaging, is presumably
due to the Coulombic interactions. Compared to the gener-
ally flat ice layer, the surface curvature of ice droplets is
much higher, making them more susceptible to charging.
When the charge accumulates to a certain amount, the
internal Coulombic repulsion will break the droplets and
eject them—the ice droplets disappear. In LINDA, the rate
of induced charge accumulation is lower, and the buildup is
further slowed down by the charge dissipation to the sur-
roundings. Hence, the ice droplets appear to be more stable
in LINDA imaging. A second cause of disappearing ice
contamination under HiFlux conditions might be heating
of the droplets, which are only loosely connected to the
bulk of the specimen and will not dissipate deposited
energy efficiently (Dubochet et al., 1988).

The specimen bubbling observed in cryo-EM is the
result of radiolysis. Presumably, the rate of formation of
radicals depends on the beam intensity, whereas the rate
of reaction of radicals with surrounding chemical groups
depends on the concentration of the radicals. The volume
filled by a free radical is larger than that of a radical cova-
lently bound to a molecule, because the distance between
radicals and surrounding atoms is dictated by the van der
Waals radii (>3 Å), which is larger than the length of a
covalent bond (�1.5 Å). The formation of radicals is there-
fore associated with the buildup of pressure inside the spec-
imen (Typke et al., 2007). For a high-intensity beam, the
pressure can become so high that it generates mechanical
fractures within the specimen, most likely at mechanically
weakened interfaces between ice and carbon film, and
between ice and protein. These fractures expand and lead
to the formation of gas pockets, which are visible in the
image as bubbles. The lower dose-rate used in LINDA
reduces the gas pressure buildup, as radicals have more
time either to migrate or to find reaction partners to
decrease the occupied volume, thus alleviating or even
eliminating specimen bubbling. The effect of the dose-rate
on bubbling has been investigated previously (Dubochet
et al., 1988) and it was thought that bubbling depended
only marginally on the dose rate. Our results clearly con-
tradict this notion and further indicate that other effects,
such as specimen deformation and loss of image contrast,
also depend on the dose rate.

The phenomenon of radiation damage also occurs in X-
ray crystallography, and the most significant symptoms
include decrease of diffraction intensity and resolution,
increase in the unit cell volume, and site-specific damage
(Ravelli and Garman, 2006). It has been observed that add-
ing ‘‘radical scavengers’’, for instance, DTT, can reduce the
amount of free radicals and consequently alleviate the
radiolytic effects (Murray and Garman, 2002). We are cur-
rently testing the use of radical scavengers under various
imaging modes in cryo-EM.

Although the lower dose-rate used in LINDA imaging
can increase the total dose tolerance of a protein specimen,
there still is a physical dose limit. In one experiment, using
TMV, we collected double-exposure LINDA images and
compared the density models reconstructed from each
exposure set. The total dose in each image is 30 e�/Å2.
The cross-correlation between the two models is only
0.870. The overly high electron dose must therefore have
introduced damage to the protein specimen. The next step
of our research is to identify the dose limit and to optimize
the dose-rate so that the recorded signal in cryo-EM images
can be maximized.

Because of the lower dose-rate used in LINDA imaging,
longer beam exposure is required so that sufficient image
contrast can be obtained for data processing. To further
reduce the recorded specimen movement that originates
from the mechanical drifting of the microscope cryo-stage,
a ‘‘dose-fractioning’’ scheme can be used in LINDA by
taking serial recording of the same region under continu-
ous (no beam-blank in between), low-intensity beam illumi-
nation. The multiple frames are then coherently summed to
form a single, SNR-enhanced image for analysis. A similar
scheme has also been proposed by Typke et al. (2007). The
image alignment can be achieved, either through a correla-
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tion-based approach or via a fiducial-marker registration.
In the correlation-based method, the dose per image frame
should be sufficient to generate adequate signal for an accu-
rate alignment. The availability of computer-controlled,
highly sensitive CCD cameras makes this procedure readily
achievable.
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