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Due to their particular structural, me-
chanical, and transport properties,
carbon nanotubes (CNTs) have been

exploited in innovative research ranging from
renewable energy to medicine.1,2 Single-walled
CNTs (SWCNTs), composed of one layer of
graphene cylinder, have a diameter of 1-2
nm and are relatively flexible, while multi-
walled CNTs (MWCNTs), withmultiple layers
of concentric graphene cylinders, have diam-
eters ranging from 2 to ∼100 nm and are
more rigid. Often, CNTs are modified by
covalent functionalization for specific appli-
cations. Nevertheless, as-grown CNTs with
or without adsorbed molecules are also com-
monly employed. For example, as-grown
MWCNTs protruding from an anodized Ti
matrix can improve the performance of Ti
orthopedic material.3 Feasibility of using
SWCNTs with adsorbed polyethylene oxide
chains in electronic biomolecule detectors
has also been demonstrated.4 Considering
their increasing range of applications and
potential contact with the general popula-
tion, understanding interactions of CNTs
with human proteins is imperative.5,6

In addition to contact through the skin or
inhalation when using or producing CNT
devices, many applications intend to admin-
ister CNTs into the body internally.2 These
CNTs are expected to be in contact with
serum proteins and, in particular, with pro-
teins of the immune system.7 In fact, some
applications are designed to interact directly
with the immune system. For example, CNTs
are used in research for vaccination as well
as gene and cancer therapy.8-10 Under-
standing the interplay between CNTs and
immune proteins is therefore critical for
both improving CNT applications in biology
and medicine and avoiding potentially nox-
ious immune responses.

The C1 complex is an important compo-
nent of the complement system, a group of

serum proteins forming part of the innate

immune system. Activation of the classical

complement pathway is initiated by C1 and

triggers a cascade of proteolytic reactions

resulting in the clearance of the target. C1

comprises two interacting subunits: a recogni-
tion protein C1q and a proenzyme tetrameric

complex C1s-C1r-C1r-C1s assembled from

two proteases C1r and C1s.11,12 The cascade

activated uponbinding of C1q to the targets

leads to their opsonization allowing their

phagocytosis and to the recruitment of

other components of the immune system.

Whereas macrophages mostly recognize

surface molecules common to many patho-

gens, C1q senses a wide range of foreign
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ABSTRACT The classical pathway of complement is an essential component of the human innate

immune system involved in the defense against pathogens as well as in the clearance of altered self-

components. Activation of this pathway is triggered by C1, a multimolecular complex comprising a

recognition protein C1q associated with a catalytic subunit C1s-C1r-C1r-C1s. We report here the direct

observation of organized binding of C1 components C1q and C1s-C1r-C1r-C1s on carbon nanotubes,

an ubiquitous component in nanotechnology research. Electron microscopy imaging showed

individual multiwalled carbon nanotubes with protein molecules organized along the length of

the sidewalls, often over 1 μm long. Less well-organized protein attachment was also observed on

double-walled carbon nanotubes. Protein-solubilized nanotubes continued to attract protein

molecules after their surface was fully covered. Despite the C1q binding properties, none of the

nanotubes activated the C1 complex. We discuss these results on the adsorption mechanisms of

macromolecules on carbon nanotubes and the possibility of using carbon nanotubes for structural

studies of macromolecules. Importantly, the observations suggest that carbon nanotubes may

interfere with the human immune system when entering the bloodstream. Our results raise caution

in the applications of carbon nanotubes in biomedicine but may also open possibilities of novel

applications concerning the many biochemical processes involving the versatile C1 macromolecule.

KEYWORDS: carbon nanotubes • immunotoxicity • complement • C1q • C1s-C1r-
C1r-C1s • 2D crystallization • nanotoxicity
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objects as well as altered or unwanted self-cells or
materials through its multivalent globular head domains
(see below). Indeed, besides pathogen defense, C1q is
involved inmany crucial processes and disorders.13 For
example, C1q recognizes danger signals on apoptotic
cells as well as damaged low-density lipoproteins (LDL)
in early atherosclerosis.14-16 C1q also recognizes amy-
loid fibrils and abnormal prion proteins and is thought
to be involved in neurodegenerative processes, includ-
ing Alzheimer's disease.17-19 On the other hand, C1
deficiency leads to autoimmune diseases, most notably
systemic lupus erythematosus.20 All these considera-
tions prompted us to investigate the interaction of
C1q and its partner C1s-C1r-C1r-C1s with CNTs.
Structurally, C1q is hexameric and contains six cop-

ies of each of three distinct polypeptide chains. The
amino terminal ends of the 18 chains associate to form
a collagen stalk. The stalk diverges to form six indivi-
dual armswhere the collagen sequence of the chains is
interrupted, resulting in semiflexible joints.21,22 Each of
the six arms ismade up of one copy of each of the three
chains, and the carboxyl terminals of the three chains
form a globular domain. The globular heads are ap-
proximately 6 nm wide and have multivalent charged
groups for target recognition. The hexameric structure
of C1q allows target binding by multiple heads. The
whole C1qmolecule is∼460 kDa andmeasures around
40 nm across.
When activated upon target binding of C1q, C1s-

C1r-C1r-C1s turns into an enzyme that starts the
complement cascade. C1r and C1s are homologous
proteins and, in the presence of Ca2þ, form a tetramer,
which is a linear arrangement C1s-C1r-C1r-C1s.23 It is
proposed that in the C1 complex, the extended tetra-
mer has multiple interaction sites with C1q and folds
into a compact double loop inside the cone enclosed
by the six collagen arms of C1q.24 In the free tetramer, a
C1smolecule, which resembles a dumbbell, is found on
each of the two sides of the X-shaped C1r-C1r dimer.23

The tetramer is ∼330 kDa and is roughly 50 � 25 � 5
nm in size in its extended conformation.
We present transmission electron microscopy (EM)

studies on the binding of C1 components on commer-
cially available SWCNTs, double-walled CNTs (DWCNTs)
andMWCNTs. These analyses reveal that both C1q and
C1s-C1r-C1r-C1s bind to the surface of MWCNTs in an
organized fashion. On the other hand, C1q binds
neither to DW nor to SWCNTs, and C1s-C1r-C1r-C1s
binds to DW but not to SWCNTs. Besides the ordered
packing of the first monolayer on the CNTs, we found
that proteins continued to stack on the fully covered
CNTs, thereby depleting the proteins in the solution.
Independent of the results of the binding experiments,
we found that all CNTs failed to activate the C1 com-
plex in vitro. These results on protein-CNT interactions
may lead to new possibilities and questions in the
biomedical applications of CNTs.

RESULTS AND DISCUSSION

We investigated the interaction of the two subunits
of the complement activation protein C1-C1q and C1s-
C1r-C1r-C1s, with three different types of nanotubes
MW, DW, and SWCNTs. Due to its tendency to dissoci-
ate, C1 has not been successfully observed by EM
without prior chemical cross-linking.25 We therefore
investigated the interactions of the two C1 subunits
with CNTs individually.
We first looked at the interaction of CNTs with C1q.

Electron micrographs and drawings of C1q are shown
in Figure 1A. Whereas the globular heads and the
collagen stalk could be observed quite easily with
EM, the thin arms connecting the heads to the stalk
were not always visible as theywere easily damaged by
radiation and not always in good contact with the
carbon support film. Images of C1q molecules thus
appeared usually as clusters of six globes, with the stalk
appearing sometimes as an extra globe depending on
its orientation on the support film.
MWCNTs were readily suspended to form a homo-

geneous black solution upon sonication with C1q but
not with the buffer alone. (Dissolution of CNTs also
occurred with agitation of the mixture only but was
spedupby sonication.) TheMWCNTplus protein solution
was centrifuged, and the pellet was resuspended in the
triethanolamine buffer to remove excess proteins. This
washing procedurewas usually repeated. The CNTs were
immediately stained and imagedwith EM before protein
desorption. Different stains, including sodium silico-
tungstate (pH 7.4), uranyl acetate (pH 4.5), and ammo-
nium molybdate (pH 7.5), all gave similar results. Buffers
with and without Ca2þ ions also gave similar results.
Individual MWCNTs could be found routinely in the

resuspended MWCNT solution, with organized C1q
patterns dominated by bead-like structures. (The con-
trast in appearance between a protein-covered side-
wall and the smooth bare sidewall is shown in an image
of a MWCNT partly covered with proteins in Figure S1,
Supporting Information.) Typical images of the resus-
pended MWCNTs are found in Figure 1. Comparison of
the `beads' to theglobulardomainsof freeC1qmolecules
close-by strongly suggests that they are the globular
domains bound to the MWCNT surface (Figure 1B and
right inset of Figure 1C). Upon close inspection, the fine
arms emanating from theglobular heads in the adsorbed
molecules can also be discerned (see left magnified
image in Figure 1C).
From our EM observation, organized molecules of-

ten covered the full length of the MWCNTs. These
overlayers were generally organized well enough to
yield diffraction patterns in their power spectra. In our
CNTs samples, which have a distribution of diameters,
we have observed C1q crystallization on MWCNTs of
various diameters. For example, the decorated nano-
tube in Figure 1B has a diameter ∼45 nm and that in
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Figure 1C ∼25 nm. Assuming they have only one
monolayer of C1q, the nanotubes themselves are
∼35 and ∼15 nm in diameter, respectively. Figure 1D
shows the organization of the C1q molecules on the
MWCNT surface in Figure 1C averaged using ∼100
images along the nanotube. The computed power
spectrum shows three layer lines 1/5.6 nm apart, with
a strong diffraction signal at the meridian correspond-
ing to rings of width close to the size of the globular
domain of the C1q molecules. Fine arms connecting
the globular domains to the collagen stems can also be
discerned in the averaged image. Nonetheless, because
the collagen stems conceivably had collapsed in random
directions in these negatively stained samples, their
positions were ill-defined, giving rise to an important
background in the power spectra.
Vitrified samples also showed the same organization

on the CNT surface (Figure 1E). No stain was applied in
these samples. Unlike in the negatively stained sam-
ples where the images are dominated by contrast from
stained surface proteins, the cryo-image presents a real

projection through the volume of the CNTs. The protein
molecules here show only weak contrast, and the gra-
phene layers of the underlying MWCNTs can be seen
clearly in the image.As shown in the example in Figure 1E,
the CNTs were highly bundled in the vitrified samples.
We repeated the experiment with DW and

SWCNTs, but neither sample was suspended in the
C1q solution. Even though the globular heads may
bind to the graphene side wall as on the MWCNT
surface, robust attachment through multiple heads
on the SW or DWCNTs would not be expected con-
sidering the sizes of the nanotubes (ØDW ∼5 and
ØSW∼1 nm) relative to the dimensions and geometry
of the C1q molecules.
The ability of SW, DW, and MWCNTs to trigger

activation of the C1 complex was investigated using
an in vitro assay.26 As sonication was found to speed up
dispersion of MWCNTs in the presence of C1q, C1
activation was initially tested with and without prior
sonication of the reaction mixtures. Incubation of C1
with each CNT species at∼3mg/mL did not significantly

Figure 1. Interaction of C1q molecules with MWCNTs. (A) Electron micrographs and schematic representations of side
(top) and top (bottom) views of the C1q molecule, which consists of a collagen stalk spreading out to six equivalent arms
ending in globular head domains. (B) Portion of a C1q-covered MWCNT along with free C1q molecules. A C1q molecule
lying on its side with its six heads fanned out flat on the support film (circled left) and another one appearing as a cluster
of its globular heads (circled center) can be found on the left of the nanotube. Inset shows power spectrumof the covered
nanotube with arrow pointing to a diffraction line at ∼1/6 nm. (C) Portion of a MWCNT with C1q molecules organized
along the ∼1.5 μm field of view. Insets show magnified views of the covered nanotube with discerned collagen arms
circled in the left inset. (D) Averaged view of the C1q organization on the MWCNT in (C) and its power spectrum. White
arrowheads point to examples of discerned collagen arms in the image, and the black arrow points to the third diffraction
line resolved at 1/19 Å. (E) Cryo-electron micrograph of a MWCNT bundle embedded in vitrified buffer suspended in a
hole of a lacey carbon film. The arrows point to the edge of the carbon film. Organized C1q molecules cover the
nanotubes as in negatively stained samples. The long straight lines running along the bundle correspond to the
nanotube walls.
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activate C1 under either condition, although a slight
increase over background activation was observed for
the sonicated MWCNT sample (Figure 2A). However,
further analysis in the presence of increasing MWCNT
concentrations did not show evidence that MWCNTs
were able to significantly activate C1 at concentrations
up to 20 mg/mL (Figure 2B).

Efficient C1 activation by a target is known to require
multivalent binding through several C1q globular
heads and is thought to involve deformation of the
C1q collagen region, imparting a mechanical stress in
C1r and thereby triggering its activation.11 Thus, that
MWCNTs fail to activate C1 may arise from the fact that
the globular heads of C1q bind in a symmetric manner
on the CNT surface, which impedes C1 activation. The
fact that, in addition toC1q, the C1s-C1r-C1r-C1s tetramer
also binds to MWCNTs (see below) may also weaken
the C1 complex, resulting in C1 dissociation and there-
by preventing activation. On the other hand, it cannot
be excluded that the assembled C1 complex does not
bind to theMWCNT surface, contrary to free C1q. Further
investigations will be required to address this issue.
It is noteworthy that DW and SWCNTs have been

shown to be soluble in serum and to activate the
classical complement pathway at concentrations lower
than that used in our C1 activation assays.27 As these
experiments were based on hemolytic assays using
whole serum as a source of complement, it cannot be
excluded that other serum proteins form a stable
overlayer on the CNTs, thereby allowing their solubili-
zation and triggering indirect C1 binding and activa-
tion. (Figure S2, Supporting Information, shows an
example of C1q binding to its ligand calreticulin orga-
nized on theMWCNT surface.) In our hands, despite the
binding properties observed for the different types of
CNTs, none of them significantly activated C1 directly.
We next investigated the binding of the proenzyme

C1s-C1r-C1r-C1s tetramer to CNTs. A drawing of the
free tetramer is found in Figure 3A. MWCNTs were also
readily suspended in the C1s-C1r-C1r-C1s solution.
Interestingly, an organized overlayer was also found
covering the full length of individual MWCNTs. Exam-
ples are shown in Figure 3 for CNTs of diameters ∼28

Figure 2. CNTs do not trigger C1 activation. The ability of
the three CNT species to activate C1 was tested using an in
vitro assay. (A) C1 activation by SW, DW, andMWCNTs (each
3.2 mg/mL). A positive control (in the absence of C1
inhibitor) and a negative control (in the presence of excess
C1 inhibitor) are shown. Reaction mixtures were sonicated
except when indicated by asterisks. (B) C1 activation by
increasing concentrations of MWCNTs.

Figure 3. The C1s-C1r-C1r-C1s tetramer bound to MWCNTs. (A) Top-left inset shows a schematic representation of the
tetramer, with a dumbbell-shaped C1s (gray) on each of the two sides of the C1r-C1r dimer (black), which forms an X-shape
(adapted fromWeiss et al., 1986). Power spectrum (rotatedwith respect to the image) shows a layer line (white arrow) at∼1/8
nm. (B) A nanotube of smaller diameter also shows organized protein attachment.
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and ∼13 nm (Figure 3A and B, respectively). Power
spectra of both nanotubes show a layer line at around
1/8 nm, as illustrated for the nanotube in Figure 3A.
Considering the shape of the tetramer, the layer line
would suggest that the molecules wrap around the
CNTs with a pitch of 8 nm. The C1r-C1r dimer might
havecollapsedduring the samplepreparation in this struc-
ture, which would contribute to the noisy power spectra.
DWCNTs were also suspended in solutions of the

C1s-C1r-C1r-C1s tetramer, but the nanotubes re-
mained in bundles, as shown in Figure 4A. Striations
could be seen on some of the surfaces of the bundles,
suggesting adsorbate organization (Figure 4B). A simi-
lar organization on DWCNTs bundles has also been
observed for pulmonary surfactant proteins.28 SWCNTs
did not form any good suspension in C1s-C1r-C1r-C1s
solutions, and the light gray supernatant in the solution
only yielded highly entangled clumps of SWCNTs.
When suspended CNTs were left in protein solution,

we found that protein molecules continued to attach
to the fully covered nanotube surface. Figure 5 shows a
typical MWCNT left in the C1q solution for one week.
On the contrary, when protein-covered CNTs were left
in buffer alone, the overlayer disorganized and de-
sorbed with time.
Balavoine et al. have proposed to use protein crystal-

lization on CNTs for structural studies of proteins by
helical reconstruction with EM analysis.29 Such structural
analysis potentially has a number of advantages over
traditional methods. For instance, the signal-to-noise
ratio will significantly improve with the periodicity.
Moreover, collection of EM images at different tilt
angles, which causes considerable radiation damage,
will be unnecessary because of the multiple views of
the molecule present on a helix. Whereas streptavidin

and HupR used by Balavoine et al. have been crystal-
lized in two (2D) and three-dimensions (3D) and have
known structures, C1q and C1s-C1r-C1r-C1s have not
been successfully crystallized, and their structures have
not been solved. The crystallization of these human
immune proteins on CNTs is thus very encouraging for
pursuing this original technique for structural studies
of macromolecules.
Whereas the order of the C1 components on CNT

surface is limited by their flexible domains in the nega-
tively stained samples, well-organized helix could be
observed with the compact globular domain of C1q.
Figure 6 shows a single-stranded helix of radius∼8 nm

Figure 4. The C1s-C1r-C1r-C1s tetramer on DW and SWCNTs. (A) DWCNTs suspended in the C1s-C1r-C1r-C1s solution remain
bundled and entangled. (B) Surface of DWCNT bundle shows striations suggesting that the proteins attach in an organized
fashion. (C) A large cluster of highly entangled SWCNTs found in the supernatant of the C1s-C1r-C1r-C1s solution.

Figure 5. CNTs continue to attract protein molecules after
sidewalls are fully covered. A MWCNT incubated with C1q
molecules for one week. Organized protein molecules on
the surface of the nanotube act as `seeds' as dendritic
growth emanates from the nanotube surface.
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and pitch ∼7 nm formed by the C1q globular domain
on a MWCNT. The first maxima of the first and second
order Bessel functions of the principal branch can be
identified. Nonetheless, the noisy power spectrum sug-
gests the apparent presence of various helical domains.
Further experiments will be necessary to obtain better
quality crystals amenable to structural analyses,30-32

but this is beyond the scope of this communication.
In summary, we have shown that the two components

of the complement activation complex C1 form ordered
overlayers on MWCNTs. Less-ordered binding was also
foundonbundlesofDWCNTs forproenzymeC1s-C1r-C1r-
C1s, while a well-defined helix was found on MWCNTs
with the globular domain of C1q. Protein continued to
accumulate around thenanotubesevenafter their surface
was fully covered. Irrespective of the different binding
properties for the three types of CNTs studied, we found
no significant C1 activation using the three CNT samples.
Considering that MWCNTs readily bind and attract

C1qandC1s-C1r-C1r-C1s, theywouldbe likely to interfere
with the activation of the complement system. Whether
this will lead to a depletion of the activation proteins in
vivo will be an important question to answer in future
studies. It would also be important to know whether
the whole C1 complex and other molecules of the
complement cascade also bind to CNTs. These ques-
tions will need to be addressed for the safe adoption of
CNT devices. On the other hand, the self-assembly of
C1q on the CNT surfacemay open possibilities of novel
CNT applications concerning the many biochemical
processes that involve the C1 complex.
Adsorption of organicmolecules on CNTs is still poorly

understood.33 Charge transfer was shown in the interac-
tion between CNTs and streptavidin, which organizes
helically on MWCNT.34 Hydrophobic interaction is also
likely in effect for streptavidin binding.29 These factors,
in particular charge transfer, most probably played a

role in the binding of the proteinmolecules we studied
here, especially in the case of C1q, which has multiple-
charged groups on its globular heads.13 Other factors,
such as chirality and the presence of functional groups
or ions, have been suggested to also play a role in the
adsorption and organization of organic molecules on
CNTs in general.33 Even though we used nonfunctio-
nalized CNTs in our studies, functional groups may be
present from the synthesis or purification process. These
functional groups may act as nucleation sites for protein
binding but are unlikely to lead to ordering. Chirality of
the outer graphene layer may also govern the affinity
of protein molecules but probably not protein organi-
zation, considering the large size of protein domains.
From previously published results and from our own

observations, we propose that interaction among the
protein molecules may be a factor to consider in the
formation of a stable overlayer on the CNT surface.
Crystallization of macromolecules on CNTs has been
associated with noncovalently solubilized CNTs.28,29

Besides protein molecules, surfactants have also been
found to solubilize CNTs forming ordered rings of half-
micelles around the nanotubes.35 In this work, we
showed that C1 components can also organize on
the surface of solublized CNTs. Figure S3, Supporting
Information, shows more examples of organized pro-
tein overlayers found on CNTs that form a stable
suspension in the protein solution. Thus, while the
factors discussed before may contribute to the adsorp-
tion of macromolecules on the CNT surface, attraction
among the adsorbed molecules may be necessary to
maintain a stable overlayer of the macromolecules,
which allows the solubilization of the CNTs. Nonetheless,
crystals were found in only some but not all of the
solubilized CNTs. Further experimental and theo-
retical studies will be needed to fully understand these
issues.

METHODS
SWCNTs and DWCNTs (produced by catalytic carbon vapor

deposition) were purchased from Nanocyl S.A. (Namur,

Belgium), and MWCNTs (produced by arc-discharge) were

purchased from n-Tec Scandinavian Advanced Technology

(Oslo, Norway). The modal diameters of the SW, DW and

Figure 6. Helical organization of C1q globular head domains on MWCNTs and the computed power spectrum (rotated with
respect to the image). Dotted lines show the inclination of the helix, and the two white arrows show the location of the first-
and second-order Bessel functions.
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MWCNTs are, respectively, ∼1, ∼5, and ∼25 nm. Residual
carbonaceous impurities were removed by washing in methanol,
and the cleaned CNTs were dried before protein applications.
Details of the reagents and proteins were described

previously.17,24,36,37 The C1q recognition subunit of C1 and
proenzymes C1r and C1s were purified from human plasma,
and the tetrameric complex C1s-C1r-C1r-C1s was then recon-
stituted in the presence of Ca2þ. The proteins were dialyzed in
50 mM triethanolamine-HCl, 145 mM NaCl, 0.5 mM CaCl2, and
pH 7.4. Concentrations of the purified proteins were determined
as previously described26 and were around 0.3-0.5 mg/mL.
The homogeneity of the purified proteins was assessed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis under reducing and nonreducing condi-
tions and by EM. The ability of CNTs to trigger C1 activation was
measured using an in vitro assay, as described previously.28

Briefly, C1 was reconstituted from purified C1q and proenzyme
C1s-C1r-C1r-C1s. The complex (0.25 μM) was incubated in 50
mM triethanolamine-HCl, 145 mM NaCl, 1 mM CaCl2, and pH
7.4 for 90 min at 37 �C in the presence of 1 μM C1 inhibitor and
various CNT concentrations. The extent of activation was mea-
sured by SDS-PAGE followed by Western blot analysis using an
anti-C1s antibody.
The globular domain of human C1q was generated essen-

tially as described by Tacnet et al.17 Briefly, C1qwas treated with
collagenase (C1q:collagenase ratio = 15:1, w/w) for 16 h at 37 �C,
and purification was achieved by high-pressure gel permeation
on a TSK-G2000 SW column (LKB).
The solubility of CNTs in the protein solution was used as a

test of binding. Nanotubes were mixed into the protein
solution and gently sonicated. Solubilized CNTs were centri-
fuged, resuspended in the buffer, and imaged immediately
using the negative-staining technique. Small volumes (2-4
μL) of the samples were adsorbed onto the clean face of a
carbon film deposited on cleaved mica. The carbon film was
then floated in the stain solution and laid on an EM grid. The
negatively stained specimens were examined using a Philips
CM12 LaB6 electron microscope operating at 120 kV. Images
were recorded on Kodak electron image films SO-163 or using
a Gatan Orius CCD camera with a pixel size of 9 μm (0.2 nm at
the sample scale). Images on films were digitalized on a Zeiss
scanner with a pixel size of 7 μm on the micrograph corre-
sponding to 1.6 Å for images taken at 45 kX magnification.
Grids for cryo-EM were prepared by applying a small volume
(2-4 μL) of sample onto a grid with a lacey carbon film. The
grid was then plunge-frozen in liquid ethane after removal of
excess liquid. Frozen grids were observed by cryo-EM under
low-dose conditions (<20 electrons/Å2) using a Philips CM200
LaB6 electron microscope at 200 kV, and images were re-
corded on films. Fourier transforms and power spectra were
obtained using ImageJ. Images of C1q on MWCNT were boxed
and averaged using SPIDER, as described in Bartual et al.38,39

The best 50%, as judged by cross-correlation of about 100
images, were averaged, and the procedure was repeated for
10 cycles.
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