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We report the recording and reconstruction of x-ray diffraction patterns from single, unstained viruses,

for the first time. By separating the diffraction pattern of the virus particles from that of their surroundings,

we performed quantitative and high-contrast imaging of a single virion. The structure of the viral capsid

inside a virion was visualized. This work opens the door for quantitative x-ray imaging of a broad range of

specimens from protein machineries and viruses to cellular organelles. Moreover, our experiment is

directly transferable to the use of x-ray free electron lasers, and represents an experimental milestone

towards the x-ray imaging of large protein complexes.
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Since Perutz, Kendrew, and colleagues unveiled the
structure of hemoglobin and myoglobin based on x-ray
diffraction analysis in the 1950s [1,2], x-ray crystallogra-
phy has become the primary methodology used to deter-
mine the 3D structure of macromolecules. However,
biological specimens such as cells, organelles, some vi-
ruses, and many important macromolecules are difficult or
impossible to crystallize, and hence their structures are not
accessible by crystallography. Overcoming this major limi-
tation requires the employment of different techniques.
One promising approach currently under rapid develop-
ment is x-ray diffraction microscopy (or coherent diffrac-
tive imaging) where the x-ray diffraction patterns of
noncrystalline specimens are measured and then directly
phased by the oversampling iterative algorithm [3].
However, due to the absence of the very large signal
amplification that occurs in crystals, x-ray diffraction mi-
croscopy has so far been limited to the imaging of micron-
sized or high-Z specimens [4–19].

Here we, for the first time, recorded and reconstructed
x-ray diffraction patterns from single, unstained viruses
that have molecular mass about 3 orders of magnitude
smaller than those specimens investigated by x-ray diffrac-
tion microscopy before. By separating the diffraction pat-
tern of the virus particles from that of their surroundings,
we performed quantitative and high-contrast imaging of a
single virion with a resolution of 22 nm. The structure of
the viral capsid inside the virion was identified. With more
brilliant synchrotron radiation sources [20] and future
x-ray free electron lasers (X-FELs) [21], much higher
resolutions should be achievable. Because of its quantita-
tive capability, high image contrast, and high spatial reso-
lution, we anticipate that x-ray diffraction microscopy will
become an important imaging technique for unveiling the

structure of a broad range of biological systems including
single protein machineries, viruses, organelles, and whole
cells.
The samples we studied are single murine herpesvirus-

68 (MHV-68) virions. A herpesvirus virion has an asym-
metric tegument and envelope outside of the icosahedrally
symmetric capsid composed of defined numbers of sub-
units [22]. However, each virion may have a different size
of tegument and envelope, and the viral capsid is not
necessary in the center of the virion [23]. While cryoelec-
tron microscopy can determine the capsid structure of
herpesviruses by averaging over thousands of virus parti-
cles [24], the reconstructions of pleomorphic virions ob-
tained by cryoelectron tomography are limited in low
image contrast and high levels of noise [23]. The goal of
this study is to perform quantitative and high-contrast
imaging of single, unstained virions by using coherent
x rays. The MHV-68 virions were inactivated by UV light
(500 mJ) and chemically fixed by 3% glutaraldahyde.
Unstained virions were suspended in methanol to regulate
the concentration to about 20 virions=�L and supported
on 30-nm thick silicon-nitride-membranes. Single, isolated
virions were located with a high-resolution optical micro-
scope and studied by the x-ray diffraction microscope.
The experiment was carried out on an undulator beam

line at SPring-8. Figure 1 shows the schematic layout of the
biological x-ray diffraction microscope. Unfocused, mono-
chromatic x rays with an energy of 5 keV were filtered by a
20 �m-diameter-pinhole, placed approximately 1 m up-
stream of the sample. A Si guard slit with beveled edges
was positioned just in front of the sample to block the
parasitic scattering from the upstream optical components.
Coherent x-ray diffraction patterns were recorded by a
liquid-nitrogen-cooled CCD camera with 1340� 1300
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pixels and a pixel size of 20 �m, located a distance of 1 m
downstream of the sample. To obtain the diffraction pattern
only from single virions, we measured two sets of diffrac-
tion intensities with the specimens in and out of the x-ray
illumination, and then subtracted the two diffraction pat-
terns. This procedure removed the unwanted scattering
from specimens’ surroundings and allowed us to perform
quantitative and high-contrast imaging of single virions.
The resolution of the diffraction pattern was estimated to
be 22 nm based on qmax of the diffracted signal.

Figure 2(a) shows the diffraction pattern of a single,
unstained virion which was added up from three indepen-
dent diffraction patterns, each having a radiation dose of
�3:5� 107 Gy. Careful examination of the three diffrac-
tion patterns indicated that the radiation dose made mini-
mum appreciable structure changes to the virion at this
resolution. To significantly improve the signal-to-noise
ratio (SNR) of the diffraction pattern, we integrated the
diffraction intensities by binning 13� 13 pixels into 1
pixel, and performed deconvolution to the integrated pat-
tern [25]. The deconvolution process removed the effects
of the finite pixel size of the CCD on the phase retrieval
[25]. Figure 2(a) shows the characteristic ring structures of
the diffraction pattern, reflecting the general round shape
of the virion. Based on the diameter of the rings, the size of
the virion was estimated to be �200 nm. Intensity varia-
tion along the azimuthal angle is also visible in Fig. 2(a),
which is due to the internal structure of the virion.

The phase retrieval of the diffraction pattern was carried
out by the guided hybrid-input-output algorithm (GHIO)
[14,26]. The GHIO started with 16 independent recon-
structions of the diffraction pattern with different random
phase sets as the initial input. Each reconstruction was
iterated back and forth between real and reciprocal space
while positivity and zero-density constraints were en-
forced. The iterative algorithm was guided towards mini-
mizing the R value, i.e., the difference between the
measured and calculated Fourier modulus. The algorithm
was terminated when the R value could not be further
improved and all the 16 independent reconstructions be-
came very consistent. Figure 2(b) shows the average of the
five best images with the smallest R values. To examine the
reliability of the reconstruction, we performed another
GHIO run of the x-ray diffraction pattern. Figures 3(a)
and 3(b) show the final images from two independent
GHIO runs. The reconstruction error (Rerr) was calculated
by

Rerr ¼
P

x;y j�1ðx; yÞ � �2ðx; yÞj
P

x;y j�1ðx; yÞ þ �2ðx; yÞj ; (1)

where �1ðx; yÞ and �2ðx; yÞ represent the two final recon-
structed images. Rerr between Figs. 3(a) and 3(b) was
estimated to be �2:3%, indicating the robustness of the
phase retrieval. We also took a scanning electron micros-
copy (SEM) image of the same virion [Fig. 2(c)], on which

FIG. 2 (color online). X-ray diffractive imaging of single
herpesvirus virions. (a) X-ray diffraction pattern obtained from
a single, unstained virion. (b) High-contrast image reconstructed
from (a) where the background and the surroundings of the
virion were completely removed. (c) SEM image of the same
virion. (d) Negative stain TEM image of a similar herpesvirus
virion.

FIG. 1 (color online). Schematic layout of the x-ray diffraction
microscope. A 20-um pinhole was used to define the incident x-
ray beam. The virion specimen was positioned at a distance of
1 m from the pinhole. A silicon guard slit with beveled edges
was used to eliminate the parasitic scattering from the pinhole.
The oversampled diffraction pattern, recorded on a liquid-nitro-
gen-cooled CCD camera, was directly inverted to a high-contrast
image using an iterative algorithm.
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a 5 nm thick Au film was deposited to remove the surface
charging effect. While the SEM image only provides the
surface morphology of the virion, the overall shape is in
good agreement with the x-ray image. To characterize the
internal structure, we took negative stain TEM images of
similar virions, shown in Fig. 2(d). The bright circular
region in the TEM image represents the viral capsid which
is tightly packed of the viral genome. The high-density
region in the x-ray image [i.e., the darker area in Fig. 2(b)]
shows features similar to the capsid structure of the TEM
image. Compared with the thin-film-deposited SEM and
negative stain TEM images, the x-ray diffraction image of
a single, unstained virion shows the highest contrast as the
background and surroundings of the virion were com-
pletely removed.

To quantify the x-ray image, we calculated the absolute
electron density of the virion by

Ið0; 0Þ ¼ I0r
2
ejFð0; 0Þj2 �s

r2
; (2)

where Ið0; 0Þ represents the number of diffracted x-ray
photons in the forward direction (i.e., within the centro-
pixel of the CCD camera), I0 is the incident x-ray flux per

unit area, re is the classical electron radius, jFð0; 0Þj rep-
resents the total number of electrons in the virion,�s is the
area of the centropixel, and r is the distance from the
sample to the CCD camera. Although Ið0; 0Þ cannot be
experimentally measured due to a beam stop, our recent
results have shown that as long as the missing data are
confined within the centrospeckle, they can be reliably
recovered from the measured diffraction intensities alone
[27]. Figure 4(a) shows the absolute electron density of the
virion, where the yellow region represents the highest
electron density with a size of �100 nm. Figure 4(b)
shows an AFM image of a similar virion, which was
used to estimate the thickness profile of the virions. After
taking the thickness into account, the electron density
within the contour line was estimated to be approximately
1.3 times higher than the average density of the virion. It is
reasonable to conclude that the high-density region repre-
sents the viral capsid of the single, unstained virion. To
quantify the contrast of the viral capsid, we took a lineout
across the capsid shown in Fig. 5. Because of the high-
contrast ability of the x-ray diffraction microscope, the
absolute electron density variations inside the capsid are
visible (Fig. 5), which may be due to the packing of the
viral genome.
Presently, the resolution of x-ray diffraction microscopy

is limited by the coherent x-ray flux. With more brilliant
synchrotron radiation sources [20], the resolution is ulti-
mately limited by radiation damage to biological speci-
mens [28,29]. While cryogenic cooling of biological speci-
mens can alleviate the radiation damage problem [30–32],
recent studies have shown that the highest resolution at-
tainable for imaging the 3D pleomorphic structure of bio-
logical specimens is �5 nm [28,29]. For the imaging of
large protein molecules having identical copies, the reso-
lution may be further improved by employing extremely
intense and ultrafast x-ray pulses such as X-FELs [21].
Computer modeling and experimental results have both in-
dicated that significant damage occurs only after an ultra-
fast x-ray pulse (�25 fs) traverses a specimen [13,34]. By

FIG. 4 (color online). (a) Quantitative characterization of the reconstructed electron density map of the herpesvirus virion. The
dashed line was used to obtain the lineout shown in Fig. 5. (b) AFM image of a similar virion, showing the thickness profile of a similar
virion.

FIG. 3. (a),(b) The final reconstructed images from two inde-
pendent GHIO runs. Each image was obtained by averaging the
five best images with the smallest R values.
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using computer simulations, it has been shown that ap-
proximately 105–106 identical copies of single large pro-
tein (i.e., molecular mass >100 kDa) can lead to the 3D
structure of the molecules at the near atomic resolu-
tion [34].

In summary, coherent x-ray diffraction patterns were
obtained from a single, unstained herpesvirus virion, and
then directly inverted to yield quantitative and high-
contrast electron density maps with a resolution of
22 nm. The quantitative structure of the viral capsid inside
the virion was visualized. While the present resolution is
limited by the coherent x-ray flux, higher resolutions
should be achievable by using more brilliant synchrotron
radiation sources [20]. This work hence opens the door for
broad application of x-ray diffraction microscopy to bio-
logical specimens ranging from single large protein ma-
chineries, viruses and cellular organelles to whole cells. As
tabletop soft x-ray diffraction microscopy based on the
high harmonic generation and soft x-ray laser sources has
recently been demonstrated [17,18], the combination of
this work with compact x-ray sources will make this imag-
ing technique more accessible to the biology community.
Finally, X-FELs are undergoing rapid development world-
wide [21]. Arguably, the major driving force for these
large-scaled coherent x-ray sources is the potential of
imaging single biomolecules. The first recording and re-
construction of x-ray diffraction patterns from single, un-
stained virions hence represents an experimental milestone
towards the ultimate goal of imaging large protein com-
plexes [33,34].
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FIG. 5. Lineout across the viral capsid [i.e., along the dashed
line in Fig. 4(a)], showing the distribution of the absolute
electron density. The density variations inside the capsid may
be due to the packing of the viral genome.
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