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V
iruses are fascinating natural nano-
machines capable of performing com-
plex tasks while displaying a mini-

malistic architecture.1 They can infect all types
of life forms, from bacteria to plants and
animals, and as a result, their study is of
paramount importance to fundamental biol-
ogy, agronomy, and medicine. Moreover,
in the last 20 years or so, viruses have been
considered as functional nanoparticles for
nanomedicine and nanotechnology applica-
tions. They have been used as nanovectors
for targeteddrugdeliveryor imaging,2,3 nano-
containers for enzymatic catalysis,4�6 or
building blocks for complex assemblies with
tuned functional or structural properties.7,8

Hence, no matter the intended application,
there is a need for high-resolution micro-
scopy techniques enabling to image both
native and modified (functionalized) virus
particles. Typically, X-ray diffraction analysis

and transmission electron microscopy (TEM)
have been extensively used to “image”
viruses.9,10 X-ray diffraction and TEM offer
unsurpassed resolution, approaching the
atomic level, but as they are ex situ techni-
ques, viruses have to be studied in the dry
state,whichmay lead to structure alterations.
Cryo-electron microscopy, a form of TEM
where the sample is studied at cryogenic
temperatures,11 does allow 3D imaging
of viruses in physiological environments
(in vitreous ice). However, because images
are actually reconstructions obtained by
combining several digitized images of similar
viral particles, they represent anaverage struc-
ture of the virus population.12 As a result, the
peculiarities of individual particles, whichmay
be important, are averagedout. For all of these
reasons, atomic force microscopy (AFM) has
been proposed as an alternative technique
for imaging viruses. AFM offers the multiple
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ABSTRACT We show herein that electrochemical atomic force microscopy (AFM-

SECM), operated in molecule touching (Mt) mode and combined with redox

immunomarking, enables the in situ mapping of the distribution of proteins on

individual virus particles and makes localization of individual viral proteins possible.

Acquisition of a topography image allows isolated virus particles to be identified and

structurally characterized, while simultaneous acquisition of a current image allows

the sought after protein, marked by redox antibodies, to be selectively located. We

concomitantly show that Mt/AFM-SECM, due to its single-particle resolution, can also uniquely reveal the way redox functionalization endowed to viral particles

is distributed both statistically among the viruses and spatially over individual virus particles. This possibility makes Mt/AFM-SECM a unique tool for viral

nanotechnology.

KEYWORDS: electrochemistry . electrochemical atomic force microscopy . functional nanosystems . virus nanocarriers .
virus imaging . potyvirus
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advantages of enabling imaging of individual surface-
immobilized viruses, with a resolution in the nano-
meter range, both in situ and with an actual 3D
contrast.13�15 The surface structures of various viral
particles,may theybebacteriophages (e.g., T4 phages),16

plant viruses (e.g., potato viruses),17�19 or even human
viruses (e.g., simplex virus type 1),20 have indeed been
revealed by high-resolution AFM imaging. However,
the applicability of AFM for characterizing functiona-

lized viruses intended for nanotechnology applications
is much more limited. The reason for this is that viral
particles are typically endowed with specific functions
via decoration with nano-objects or molecules such as
enzymes6 and photoactive21�23 or redox groups,24,25

which cannot be resolved in topography when at-
tached to the virus shell because they are either too
small or too soft for that.14 As a result, the degree of
labeling of the viruses and the actual function of these
species cannot be assessed at the individual particle
scale but only at the “ensemble” level (i.e., as the
average property of a virus containing solution).
This is highly regrettable since the distribution of
the functional moieties on single particles as well as
the distribution of the functionalization over the whole
population of particles cannot be determined and
remains hidden. Hence, a technique allowing the
in situ characterization of functionalized viruses at the
individual virus particle scale is much needed. Ideally,
isolated modified virus particles should be identified,
their integrity checked, and their function probed.
Hyphenated AFM techniques, such as AFM tip-en-
hanced Raman spectroscopy (TERS)26,27 and AFM infra-
red spectroscopy (IR),28,29 whichwere used to probe the
secondary structure of virus proteins, could eventually
be considered for this, but their implementation in
liquid is extremely difficult. In that context, we intend
to showhere that AFM-SECM,30�32 a technique combin-
ing AFM with scanning electrochemical microscopy
(SECM) fulfills all of the above criteria and uniquely
enables individual functional virus characterization.
SECM is a spatially resolved in situ technique using

a microelectrode as a local probe to trigger and/or
to monitor electrochemical processes occurring at sur-
faces.33 A wealth of local surface processes and reac-
tions,34 including enzymatic reactions,35 have been
characterized by SECM, which can be seen as a func-

tional imaging technique. Until relatively recently,
the typical spatial resolution achieved in SECM was in
the micron range, even though submicron resolution
had been occasionally demonstrated.36�38 As far as
characterizing bio-objects was concerned, this was
sufficient to probe processes occurring at the surface
of life cells39 but definitely not enough to resolve tiny
nano-bio objects such as viruses. A notable and unique
exceptionwas the pioneeringwork of Bard et al.,40 who
imaged individual macromolecules, such as antibodies
and hemocyanin, in a SECM-like configuration, but

where the imaging medium was humid air and not
an aqueous solution. Recent progress in nanoelectrode
(tip) preparation41�43 and the development of various
tip-positioning techniques44�46 have significantly im-
proved the resolution of “regular” SECM down to a few
tens of nanometers,41�46 but the characterization of
viruses by any SECM-related technique has not been
reported. We propose here to use a high-resolution
variant of AFM-SECM, which we introduced earlier,47,48

and labeled Mt (mediator-tethered)/AFM-SECM,49 for
imaging individual virus particles.
The working principle of Mt/AFM-SECM is that a

combined AFM-SECM microelectrode probe is used
to electrochemically contact redox-labeled macromo-
lecules immobilized on an electrode surface. We pre-
viously demonstrated that this original configuration
allows the internal dynamics of nanometer-sized redox-
labeled polyethylene glycol (PEG)47,48 and DNA chains
(oligonucleotides)50 to be probed. We also showed that,
when operated in imaging (tapping) mode, Mt/AFM-
SECM permitted us to specifically map the surface dis-
tribution of redox-labeledmacromolecules while simulta-
neously acquiring surface topography with nanometer
resolution.49 As an illustration of this unique dual-imaging
capability and resolution, we recently were able to locate
and to electrochemically address individual redox PEGy-
latedgoldnanoparticles on an electrode surface.51 Finally,
inearlierworks,wealsodemonstrated thatMt/AFM-SECM
could be successfully combined with redox immuno-
marking, which involves the use of antibodies decorated
by redox (ferrocenylated) PEG chains, in order to specifi-

cally locate ∼100 nm sized antigen motifs on test sur-
faces.52 We now demonstrate that this immunoredox
Mt/AFM-SECM imaging configuration enables mapping
the distribution of proteins on individual virus particles
with single-protein resolution.Wealso show thatMt/AFM-
SECM is a powerful tool for viral nanotechnology as it
allowsboth the topographybut also the function, here the
redox function, of functionalized viruses to be character-
ized at the individual virus particle scale.

RESULTS AND DISCUSSION

Two types of virus particles aremost often considered
for nanotechnology applications: bacteriophages53 and
plant viruses.7 These natural nanoparticles are harmless
to humans; their supramolecular organization is rather
simple, and they canbe functionalized either genetically
or chemically. Moreover, they can be produced in high
amounts in good biosafety conditions. In the present
work,we selected two filamentous plant viruses belong-
ing to thePotyviridae family, genus Potyvirus: the lettuce
mosaic virus (LMV) and the closely relatedpotato virus A
(PVA). Potyviruses are flexible rod-shaped particles
(∼700�900 nm in length54 and ∼10�15 nm in diam-
eter55) formed by helical winding of identical 31 kDa
coat proteins (CP) packing the viral genomic single-
stranded RNA. Each helical pitch of about 3�4 nm is
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made of 9 CPs, giving approximately 1950�1985 CP
units per particle (Figure 1).56 Beside the CP, another
viral protein, VPg (virus protein linked to the genome),
is present in the particle. It is covalently linked to the
50-end of the virus RNA and thus exists as a single copy
located at the corresponding end of the virus particle
(Figure 1).57,58 It was postulated that a part of the VPg
protrudes to the particle surface as it was specifically
immunolabeled at one of the two virus ends together
with two other viral proteins, namely, Hc-Pro17 and CI.59

In order to beamenable to imagingbyany local probe
techniques, viruses, in general, have to be deposited,
and ideally solidly anchored, onto a suitable planar
substrate.13,14 Such is also the case for potyviruses which
have been previously successfully deposited on mica
surfaces and imaged by AFM, mostly in air but also
occasionally in situ.17�19 In the present case, to enable
Mt/AFM-SECM imaging, the substrate had to be con-
ducting, and we thus turned to template-stripped
gold.60

Immobilization and Redox Immunomarking of Lettuce Mo-
saic Virus on Gold Surfaces. In preliminary experiments, we
used AFM imaging in air to assess simple spontaneous
adsorption of LMV as a way of solidly anchoring this
virus onto gold surfaces. Virus adsorption was carried
out by leaving a freshly cleaved template-stripped gold
surface in contact with a 50 μg/mL LMV solution in
10 mM pH 7.4 phosphate buffer for 10�20 min. After
being rinsed copiously with buffer and then water,
the surface was dried under N2 for tapping mode
AFM imaging. The topography images revealed the
presence of a random array of viral particles
(Figure 1, lower left corner). Most of the particles
were individualized, many seemingly of similar length.

Spider-like clusters, containing visibly a large number
of viruses, were also sometimes observed (see Sup-
porting Information Figure S1). The average individual
viral particle coverage of the substrate, as determined
from these images, was γ = 0.2�0.5 virus/μm2. Higher
coverage could be obtained for higher virus concen-
trations and adsorption time, but this latter coverage
value was judged to be satisfying because it enabled
visualization of many individual virus particles in few
square micrometer images.

These results showed that simple adsorption does
allow robust immobilization of LMV particles for tap-
ping mode AFM imaging. Such was also the case
for PVA, although instead of appearing as individual
particles, this virus tended to form long “chains” on
the gold surface (see Figure S9), a behavior already
reported for PVA adsorbed onto mica.18

Beyond the problem of virus immobilization, im-
plementation of immunoredoxMt/AFM-SECM imaging
also requires that the virus is first marked by primary
antibodies, specific to the sought after viral protein,
which are then made electrochemically “visible” using
secondary antibodies carrying imageable labels, redox
ferrocene (Fc)-PEG chains in the present case. As it is
done for routine immunomicroscopy techniques, such
as immuno-TEM, we decided to carry out immuno-
marking after the virus was immobilized on the imag-
ing substrate and not prior to it. Proceeding in this
order greatly eases separation of the marked virus
particles from the excess labeling antibodies. Impor-
tantly, since marking by antibodies requires that the
biological structure of the virus is preserved, we made
sure that the virus-bearing substrate was kept in buffer
at all times (i.e., never dried out). This “on surface”

Figure 1. Schematic of the immobilization of LMV particles on a gold substrate and subsequent site-directed redox immuno-
marking. The AFM image shown in the lower left part of the figure is an actual 10μm� 10μmtappingmode topographic image
of a control surface bearing a virus array, acquired in air and using a commercial AFMprobe. Control surfaceswere not engaged
further in the assembly process but discarded after imaging.With the exception of this AFMcontrol, all stepswere performed in
solution: the surface was never dried during the assembling process. Virus particle substrate coverage is derived by particle
counting from the AFM control images: typically, γ ∼ 0.45 individual virus particles/μm2.

A
RTIC

LE



NAULT ET AL. VOL. 9 ’ NO. 5 ’ 4911–4924 ’ 2015

www.acsnano.org

4914

immunomarking method also imposes that nonspeci-
fic adsorption of the labeling antibodies onto the
substrate is thoroughly blocked by a protective back-
filling layer. In the present case, we observed that the
best protection against nonspecific adsorption was
achieved by self-assembly of a PEG2000-disulfide chain
layer complemented by adsorption of BSA (bovine
serum albumin). Adsorption of BSA or self-assembly
of PEG2000-disulfide chains alone offered a good but
somewhat lesser protection against nonspecific ad-
sorption (see Methods section for details).

Two of the LMV viral proteins, the coat protein CP
and the terminal protein VPg, were marked in separate
experiments using, respectively, anti-CP- or anti-VPg-
specific rabbit immunoglobulin gamma (IgG) as pri-
mary antibodies and anti-rabbit IgG labeled with Fc-
PEG3400 chains as secondary antibodies (see Figure 1
and Methods). We previously produced and character-
ized such Fc-PEGylated antibodies, showing that in
spite of the fact that they bear 5�10 Fc-PEG chains their
molecular recognition capabilities remain intact.52,53 In
any case, we used sufficiently high antibody concen-
trations and recognition time so that the recognition
reactions proceeded to completion (i.e., marking was
maximal; see Methods).

Redox CP immunomarking of LMV was evidenced
at the “ensemble level” by recording a cyclic voltam-
mogram (CV) at the substrate bearing the CP-marked
virus particles. The CV displayed a weak but well-
defined peak-shaped signal corresponding to the elec-
trochemical response of the Fc heads.51 Its integration
yielded the total amount of Fc heads on the surface
(see Figure S3). However, due to the presence of the
spider-like virus clusters on the surface, which contained
an impossible to evaluate number of LMV particles
(see Figure S1), it was not possible to assign the amount
of Fc heads detected to a reliable total number of virus
particles. Hence, the actual number of Fc-PEG IgGs (or
Fc-PEG chains) per virus could not be determined based
on CV measurement but was ultimately estimated
following a different strategy (see below).

Mt/AFM-SECM Imaging of CP-Marked LMV Particles. Gold
surfaces bearing CP-marked LMV particles were imaged
in situ (in 10 mM pH 7.4 phosphate buffer solution) in
tappingmodeMt/AFM-SECM. To this aim, a homemade
AFM-SECM tip was oscillated at its fundamental flexural
resonance frequency (∼2�3 kHz), biased at Etip = þ0.3
V/SCE and approached to the surface which was biased
at Esub = 0.0 V/SCE. Approach was stopped and raster
imaging startedwhen the tip oscillationwas dampedby
∼10%. Acquired topography and tip current images,
such as those respectively presented in Figure 2a and
Figure 2b, were simultaneously recorded.

Examination of the topography image reveals five
individual viral particles, which are ∼900 nm long,
∼85 nm wide, and 5�6 nm high. This apparent virus
height is significantly lower than the known virus

diameter (∼13 nm).55 Such an underestimation of
height is an artifact commonly encountered when
AFM is used to image soft nano-objects,62 including
antibodies63 and viruses,64,65 and is typically attributed
to compression of the imaged object by the tip.
Similarly, the apparent width of the virus particles is
overestimated, as a result of the tip convolution effect
common to all AFM-based techniques. In the case of a
spherical AFM tip of radius Rtip, imaging a cylindrical

Figure 2. In situ Mt/AFM-SECM tapping mode imaging of
CP-marked LMV particles immobilized on a gold substrate.
Top: Scheme of the redox cycling of the Fc heads borne by
the Fc-PEGylated antibodies generating the tip current.
Bottom: Simultaneously acquired topography (a) and tip
current (b) images. The histogram in (c) shows the distribu-
tion of the contour length Lof the virus particles asmeasured
in (a). Shown in (d) is the dependence of the tip current itip
with the substrate potential Esub, with itip being measured
either above a virus particle (red dot in (b) and (d)) or away
from the viruses (green dot in (b) and (d)). Cross sections of
the topography and current images along the dotted lines
shown in (a) and (b) are plotted in (e), respectively, as red and
blue traces. Tip potential for imaging Etip = 0.3 V/SCE and
substrate potential Esub=0.0 V/SCE. Imagingmedium: 10mM
pH 7.4 phosphate buffer. The tip current image was first-
order flattened.
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object of radius Ro, the apparent width of the object,w,
is given byw= 4(RtipRo)

1/2 (see Supporting Information,
Figure S11). Hence, considering that the radius of the
combined AFM-SECM probes routinely used here fell
in the 30�70 nm range, LMV is expected to appear as
a 60�90 nmwide particle, in agreement with what can
be measured in Figure 2a. However, because the virus
length is much larger than the tip radius, the contour
length of individual viruses, L, can be reasonably accu-
rately measured from topography images, as shown in
Figure 2a. We thus were able to sample the distribution
of the LMV contour length over a relatively large
population of a few tens of virus particles. The resulting
distribution plot (histogram), presented in Figure 2c,
shows that their contour length, L, is statistically dis-
tributed in the ∼800�950 nm with an average value
of 890 nm and a standard deviation of 45 nm (largely
exceeding lengthmeasurement errors that we estimate
to be in the order of(10 nm). A similar kind of contour
length distribution has previously been reported for the
potyviruses PVA18 and PVX.19 Any further nanoscale
analysis of the virus property has to take such dimen-
sional diversity into account.

Turning now to the tip current image shown in
Figure 2b, one can see that strings of current spots are
detected at locations precisely corresponding to virus
particles (see cross sections in Figure 2e). Actually,
spots are detected all along the capsid of most virus
particles, even though some viruses show only a few
localized spots. Very few viruses displaying no current
spots at all were occasionally observed (data not shown).
It is also worth noticing that, as a benefit of the remark-
able protective property of the PEG/BSA layer, we rarely
observed spots in the “background” of the current
images (i.e., away from virus particles; see Methods).

The accurate tip-positioning capabilities of our
AFM-SECM setup enable placing the tip at surface
locations where a virus particle is seen and a current
spot detected, for example, at the level of the red dot in
Figure 2b. By incrementing Esub step-by-step, it is then
possible to monitor the substrate potential depen-
dence of the tip current, itip. The resulting itip versus

Esub variation, reproduced in Figure 2d, is seen to be
S-shaped and centered around a potential of approxi-
matelyþ0.15 V/SCE, which coincideswith the standard
potential of the Fc head of the Fc-PEG chains.47,52 As
also seen in Figure 2d, no such variation is observed
when the tip is positioned away from any virus particle
(e.g., at the location of the green dot in Figure 2b). This
result demonstrates that the current detected “above”
the viruses is indeed due to the tip addressing Fc
heads, which are alternatively oxidized at the tip and
re-reduced at the substrate, as schematized at the top
of Figure 2. Hence, the current images acquired here
are to be interpreted as actual maps of the spatial
distribution of the Fc-labeled antibodies, specifically
bound to the anti-CP antibodies attached to the surface

of individual virus particles. Consequently, the fact that,
formost of the virus particles, current spots are recorded
all along the capsid shows that the sought after protein
(CP here) is present all along the virus. This result is a first
demonstration of the possibility of using immunoredox
Mt/AFM-SECM imaging for the in situ detection of viral
proteins. Homogeneously “illuminated” objects could
have been expected from the even distribution of CP
molecules along the virus capsid, but virus particles
appeared in the current image as strings of discrete
spots. It is an intriguing finding that deserves further
investigations. To get more insights into this phenom-
enon, zoomed-in images of virus particles, such as the
one provided in Figure 3, were acquired.

From the topography image presented in Figure 3a
and the corresponding cross sections taken along the
two LMV particles shown (Figure 3d, red traces), one
can see that the capsid appears essentially featureless
(i.e., “smooth”). At the opposite, the corresponding tip
current image (Figure 3b) and cross sections (Figure 3d,
blue and purple traces) show that well-defined current
spots are indeed detected along the virus capsid. The
individualization of the current spots can be better
seen in the 3D current images shown in Figure 3c,e. We
have observed these same characteristics for numer-
ous LMV particles, albeit the number of spots per virus
and the peak intensity of the spots varied greatly from
one virus particle to the other (see Figure S4). These
spots can be attributed to clusters of anti-CP/Fc-PEG
IgG immunocomplexes bound to the virus capsid,
and their differing intensities can be explained by the
varying number of Fc heads, that is, of Fc-PEGylated
IgGs, they contain. Indeed, since the Fc-PEGylated IgGs
are polyclonal antibodies, several of them can bind
to individual anti-CP antibodies. However, since the
primary (anti-CP) and secondary (Fc-PEGylated) anti-
bodies are similar in size, probably no more than
∼3 IgG-PEG-Fc molecules can bind to each anti-CP
antibody. It is also possible that each of the immunocom-
plex clusters contains more than one anti-CP antibody,
whichwould further increase thenumberof Fc-PEGylated
antibodies per spot. A qualitative indication about the
cluster sizes can be obtained by observing that, in the
current image, spots appear to be comparable in width
(see Figure 3c); this shows that the size of the clusters was
smaller than the tip radius.

Interestingly, comparing the topography image
with the current image (Figure 3a,b) and correspond-
ing cross sections (Figure 3d) reveals that the immuno-
complex clusters decorating the virus particles are
absolutely not detected in topography. This result falls
in line with the already reported observation that IgGs
cannot be clearly identified by AFM when bound to
a virus.14 This illustrates the limitations of topographic
AFM for imaging soft objects placed on equally soft
materials. On the contrary, the fact that antibody
clusters are indeed detectable in the current images
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demonstrates the usefulness of Mt/AFM-SECM as a
new technique for mapping immunomarked proteins
on virus particles.

The above results also indicate that Mt/AFM-SECM,
due to its single-particle resolution, uniquely allows
revealing theway redox functionalization is distributed
not only among the viruses but also over individual
viruses. This possibility motivated us to study further,
that is, quantitatively and particle-by-particle, the
extent and dispersion of the redox immunomarking
of LMV.

Statistical Analysis of Mt/AFM-SECM Images: Revealing the
Particle-to-Particle and Intraparticle Distribution of the Redox
Functionalization of LMV. Twenty CP redox-immuno-
marked LMV particles were carefully imaged, and the
number of current spots they “bore” together with
their peak intensity was sampled. The resulting statis-
tical data are shown in Figure 4.

Figure 4a is a histogram representing the distribu-
tion of the number of spots per virus. It shows that the
large majority of the viruses “bore” from 4 to 10 spots,
that is, immunocomplex clusters. The histogram in
Figure 4b shows the distribution of the peak intensity
of all of the current spots measured on all of the viruses
sampled. The spot intensity is seen to closely follow a

Gaussian distribution, hence, so did the number of
Fc-PEG antibodies within the immunocomplex clus-
ters. Taken together, these two results show that the
degree of redox functionalization of the viruses did
vary from one virus particle to another, partly because
the number of immunocomplex clusters differed from
one particle to another butmostly because the number
of IgG-PEG-Fc per immunocomplex clusters varied to
a large extent. In order to better visualize the actual
dispersion of the degree of redox immunomarking of
LMV, we summed up the intensities of the spots borne
by each virus particle, probed, and plotted the result-
ing data in the histogram shown in Figure 4c. Recalling
that in Mt/AFM-SECM the tip current generated by
a redox-labeled object much smaller than the tip
is simply proportional to the amount of redox heads
it bears,48 this histogram actually shows how redox
labeling varied from one virus particle to the other.
The corresponding average of these data,∼378 fA/virus,
is thus proportional to the average degree of virus
labeling. Examining Figure 4c, one can identify two
dominant virus populations regarding their degree
of redox marking compared to the average: one
population, amounting to∼45% of the virus particles,
was marked close to the average level, and another,

Figure 3. In situ Mt/AFM-SECM tapping mode imaging of CP-marked LMV particles immobilized on a gold substrate.
Simultaneously acquired topography (a) and raw tip current (b) images. The tip current image is also presented in a 3D format
in (c) to better show the stringof current spots “borne”by the viruses. (d) Cross sections of the topography and current images
taken along the viruses labeled (1) and (2) in (a) and (b). Curves in red are cross sections of the topography image (a); curves in
blue and purple are cross sections of the trace (b) and retrace (not shown) current images, respectively. Cross sections taken
away from the viruses are also shownas dark curves. (e) 3D tilted views of the topography and current images; Etip = 0.3 V/SCE,
Esub = 0.0 V/SCE. Imaging medium: 10 mM pH 7.4 phosphate buffer.
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amounting to ∼25% of the particles, was half as less
marked. Globally, ∼20% of the virus particles were
more labeled than average and 35% less.

Mt/AFM-SECM also enables studying the spatial

distribution of redox labeling along individual virus
particles. To carry out such a statistical analysis, the
positions of the spots seen in the current images were
reported on the topography image, and the distance x
separating the center of each spot fromone of the virus
ends was carefully measured along the virus central
axis (see scheme at the top of Figure 5).

In the process of collecting these data, we realized
that one of the extremities of the virus particles always
seemed to systematically bear less spots (i.e., immuno-
complex clusters) than the other. To quantify this
phenomenon, we arbitrarily oriented the virus parti-
cles, ascribing the origin of the x axis to the extremity
that bore the most spots. We then built a histogram
of the cluster coordinates x normalized by the contour
length of the corresponding virus particle (to account
for the dispersion in virus length). This histogram,
shown in Figure 5a, reveals that, whereas clusters are
uniformly distributed on the central part of the viruses
(from x/L = 0.2 to 0.9), they are indeed seldomly found
at the virus extremity corresponding to x/L = 0.9�1.0.
They are also slightly over-represented at the other
extremity (x/L= 0�0.2). This resultmay seem surprising
considering that the CP protein is uniformly present all
along the virus capsid, but it falls in line with the fact
that the molecular architecture of the virus is actually
asymmetric by nature in that the two ends of the virus
are made of different proteins. Hence, it is conceivable
that the CP molecules neighboring one of the virus
ends experience an environment that somehow dis-
favors their recognition by anti-CP antibodies. Pushing
further the statistical analysis of the distribution of the
immunocomplex clusters on the virus capsid, we also
attempted to evaluate the regularity of cluster spacing
along individual viruses. To this aim, we defined the
regularity function ψj = (xj � x0)(n � 1)/l, where j is the
cluster index, x0 is the coordinate of the first cluster, n is
the number of clusters, and l is the distance separating

the first cluster from the last (i.e., the extent of cluster
coverage), and calculated ψj for each of the clusters
of any given virus particle (see drawing in Figure 5).
We then plotted ψj as a function of the cluster index,
j = 0 to n � 1, and obtained scatter plots such as the
one shown in Figure 5b (only nine virus particles
are considered for clarity). One can see that all of the
points collapse on a single line given by ψj = j. This
result quantitatively shows that the spacing between
the immunocomplex clusters along the virus particles
tends to be surprisingly regular. Yet, because of the
distribution in virus contour length (Figure 2c), this
spacing obviously varied from one virus particle to the
other, in the 90 to 230 nm range.

Finally, since Mt/AFM-SECM allows the topography
and the current response of the same nano-object
(virus particle) to be probed, we were able to seek
cross-correlations between the position of any given
immunocomplex cluster along the virus particles and
the number of Fc-PEGylated antibodies it contains (as
reflected by the spot intensity). To do this, each of the
oriented virus particles were divided into ten 0.1Lwide
segments, and the intensity of the spots falling in each
segment were averaged and plotted as a function of
the segment position in Figure 5c. From this figure, it
can be concluded that the immunocomplex clusters
located alongmost of the virus length are composed of
a similar number of Fc-PEG antibodies and that those
located at the spot-depleted end of the virus (x/L =
0.8 to 1) contain significantly fewer Fc-PEGylated anti-
bodies. Hence, depletion in immunocomplex clusters
and a lower number of Fc-PEGylated antibodies per
cluster at the depleted end combine to make redox
labeling of the virus “asymmetric”: one of the virus
extremities is statistically less redox active than the other
extremity and also the virus “body”. To the best of our
knowledge, it is the first time that the spatial distribu-
tion of a functional property (a redox function here) of
individual modified virus particles is probed in situ.

We have no explanation for our observation that
the immunocomplexes form regular chains of clus-
ters along the LMV particles. Interestingly, we did not

Figure 4. Statistical analysis of the redox immunomarking of 20 LMV particles as revealed by the current images. Histograms
showing the distribution of the (a) number of current spots per virus. (b) Peak intensities of the current spots measured over
all of the virus particles. (c) Summed up spot current intensities per virus. This latter histogram also represents qualitatively
the dispersion of the degree of redox labeling among the virus particles.
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observe this behavior for PVA, which was instead
evenly labeled by the antibodies (see Figure S9). Such
a labeling behavior is not necessarily detrimental for
locating viral protein by immunoredox Mt/AFM-SECM
imaging (see below), but is, however, important to
reveal especially if immunolabeling is used to endow
the virus particles with a redox function for nanotech-
nological applications. In such a case, being able to
characterize the function of virus particles in situ

(hence nondestructively) is also particularly important
because it leaves open the possibility of further en-
dowing the viruses with extra functionalities, such as
enzymatic activity, after initial imaging.

Mt/AFM-SECM Imaging of VPg-Marked LMV Particles: Achiev-
ing Single-Protein Resolution. In order to further demon-
strate the capability of Mt/AFM-SECM to map specific
proteins on virus particles, we redox-immunomarked
the terminal protein VPg of LMV. For this, we used
polyclonal rabbit anti-VPg IgGs as primary antibodies
and polyclonal anti-rabbit Fc-PEGylated IgGs as sec-
ondary antibodies. Simultaneously acquired Mt/AFM-
SECM topography and current images of three VPg-
marked LMV particles are shown in Figure 6 (see
Supporting Information for extra images).

Images a and c of Figure 6A are the 3D rendering
top view topography images of two individual virus
particles, and images b and d in Figure 6A are the
corresponding current images. These latter images are
presented in a combined (overlaid) format, where the
color scale representing the current contrast is
mapped over the corresponding topography image.
Examining these 3D overlay images reveals that a very
clear current spot is selectively located at one end of
each of the two virus particles. Importantly, in no case

were current spots detected at both ends of the virus
particles. The accurate location of the spots at the end
of the viruses can be better assessed from the topo-
graphy and current cross sections taken along the
central axis of the viruses (panel A, lower part). One
also sees in the current image that no current spots are
found on the capsid of the viruses, even though a few
spots are visible in the background. These background
spots are Fc-PEGylated clusters (or isolated Fc-PEGy-
lated IgGs) nonspecifically adsorbed on the gold sur-
face; they were more numerous than in the case of CP-
marking experiments because for VPg-marking a BSA
protective layer was preferred over the PEG/BSA layer.
This substitution was motivated by the fact that the
PEG/BSA layer was observed to significantly decrease
the yield of VPg marking (see below).

Most interestingly, as seen by comparing the topo-
graphy and current images shown in Figure 6A, we
observed that the current spots located at the end of
the virus particles were systematically associated with
a topography feature seemingly protruding from the
virus end (see Supporting Information Figures S5 and
S6). Two types of such featureswere observed: (i) either
small objects (∼50�70 nm in apparent width) only
slightly protruding from the otherwise blunt virus
extremity, such as seen in Figure 6, image a, and
attributed to small immunocomplex clusters; or (ii)
more rarely, ∼150 nm long “tails” extending from the
virus end, as is the case for the virus particle shown in
Figure 6, image c. In this latter case, the spatial corre-
spondence between the current spot and the “tail” can
be visualized from the cross sections shown below
image c in Figure 6. Overall, we observed that, for BSA-
protected surfaces, ∼15% of the virus particles were

Figure 5. Statistical analysis of the spatial distribution of the immunoredox clusters along the capsid of LMV particles. Top:
Schematic showing how the current spots (i.e., clusters) are indexed (index j) and how their position relative to the virus end,
xj, is measured. Bottom: Histograms showing (a) spatial distribution of the clusters along the virus particles divided in ten 0.1L
long segments. (b) Value of the regularity functionψ, defined asψj = (xj� x0)(n� 1)/l calculated for the clusters of nine virus
particles (the black line is the variation predicted for perfectly regularly spaced clusters). (c) Cross-correlation of the spot
intensities and their position along the virus particle divided in ten 0.1L long segments. The error bars are standard deviation
of the spot current data.
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marked at one of their extremities, whereas only ∼5%
were marked in the case of PEG/BSA-protected sur-
faces (see Supporting Information for details). These
modest marking yields may be due to the limited
accessibility of the VPg of surface-immobilized LMV
to antibodies, a trend further amplified in the presence
of a PEG layer.

Importantly, in control Mt/AFM-SECM experiments
(reported in Supporting Information), where we used
an “ineffective” anti-VPg antibody, no virus particles
were found displaying the above-described character-
istics typical of Vpg-marked viruses, that is, a topo-
graphy feature protruding from the virus extremity
correlated with a current spot at the same location.

At the opposite, both ends of the viruses appeared to
be systematically blunt.

The above results demonstrate the specific redox
immunomarking of VPg and selective detection by
Mt/AFM-SECM. Furthermore, since only a single copy
of the VPg protein is displayed per LMV, we can
confidently state that, by successfully imaging VPg-
marked viruses, we demonstrated here the capability
of Mt/AFM-SECM for locating individual viral protein
molecules.

Yet, it is clear that the immunocomplex clusters
identified at the virus ends are probably composed
of several primary and secondary antibodies. In order
to get insights into the structure and composition of

Figure 6. In situ Mt/AFM-SECM tapping mode imaging of VPg-marked LMV particles immobilized on a gold substrate.
(A) (Top) Simultaneously acquired 3D rendering top view topography images (a,c) and tip current (b,d) images of two individual
virus particles. (b,d) Color-coded contrast of the current images is overlaid to the corresponding topography images (a,c).
(Bottom) Plots of the topography (red traces) and current (blue traces) cross sections takenalong the lines shown, for the left plot
in images (a,b) and for the right plot in images (c,d). (B) High-resolution 3D rendering top view topography image (e) andoverlaid
tip current image (f) of the extremities of two neighboring VPg-marked virus particles. The arrow in (e) points to a topography
feature identified as an immunocomplex cluster better visible in the zoomed-in 3D tilted view shown in (g). (h) Plot of the
topography (red trace) and current (blue trace) cross sections takenalong the curvedwhite lines shown in images (e,f). Black lines
are smoothed original traces. (i) Schematic drawing (to scale) of the immunocomplex cluster formed at the VPg-exposing
extremity of the virus.
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these clusters, a particularly sharp AFM-SECM probe
(apparent radius ∼25 nm) was used to further image
VPg-labeled viruses. The resulting high-resolution
topography and overlaid current/topography images
of the extremities of two neighboring virus particles
are presented in Figure 6B, images e and f. One can
see from these images that the end of the top virus
is not associated with any visible feature neither in
topography nor in current because it corresponds to
the non-VPg-containing extremity of this particular
virus. At the opposite, a small object, indicated by
an arrow in image e (Figure 6B) and in the zoomed-in
3D tilted view shown in image g (Figure 6B), is visible
at the end of the lower virus particle. As shown in
image f, this object is associated with a clear current
spot and is thus attributed to an immunocomplex
cluster. Topography and current cross sections taken
along this immunocomplex cluster, following the
curved line shown in images e and f in Figure 6B,
are displayed in image g. These cross sections allow us
to measure the apparent size of the cluster; in topo-
graphy, it appears as a ∼65 nm sized object located
exactly at the foot of the virus and in the current as a
100 nm wide rounded spot. Once corrected from the
tip convolution effect, these apparent sizes translate
into estimated actual imaged object diameters of∼22
and ∼54 nm. These small diameters, approaching
macromolecular dimensions, indicate that the immu-
noredox cluster located at the virus end is composed
of very few antibodies. Indeed, considering their
respective molecular weights, it seems unlikely that
VPg (22 kDa)66 can accommodate more than ∼1
primary antibody (150 kDa). The fact that VPg may
only partially protrude from the virus, and that the
virus is adsorbed, may also contribute to sterically
limit the accessibility of VPg to primary antibodies
and, as a result, also limit the number of secondary
antibodies in the immunocomplex cluster. This has
already been observed in immuno-TEM experiments,
where no more than 2 bulky gold-labeled secondary
antibodies were seen to bind to the VPg-displaying
end of potyviruses adsorbed on carbon grids.58 The
overall structure of the immunocomplex decorating
the VPg can be coarsely evaluated on the basis of the
simple 2D model presented in image i of Figure 6B.
This model assumes that a maximum of three Fc-
PEGylated antibodies can bind to the anti-VPg anti-
body. It is drawn to scale taking into account the
actual sizes of the virus, of the antibodies (∼15 nm),67

and the “effective” ∼10 nm length of the Fc-PEG
chains.51 It predicts that the antibodies occupy a
roughly spherical volume of ∼30 nm diameter, and
that the elastically mobile Fc heads can be found in
a spherical domain of ∼45 nm diameter at the virus
end. This simple model approximately reproduces
the actual sizes of the immunocomplex cluster as
estimated above from the topography and current

images. It also allows us to visualize the reason
why the current spots were systematically observed
to be wider than the topography signature of the
redox immunocomplexes: at the ∼10 nm resolution
attained, it is possible to sense the enlargement of the
current spots due to the length of the Fc-PEG chains,
whereas, as we already showed,51 the PEG chains
are too flexible to be probed in topography. Finally,
it is also worth mentioning that the immunocomplex
cluster as a whole probably does display some degree
of elasticity (likely due to hinge motion of the IgG
domains). Indeed, it regularly appeared as a “fuzzy”
rather than a solid object on topography images (such
is respectively the case in images e and a in Figure 6).
This effect may also contribute to an underestimation
of the cluster size as measured from the topography
images. Having a reasonable idea of the structure
of the immunocomplex cluster bound to VPg, we
attempted to quantitatively analyze the current signal
associated with it. In the present work, we observed
that the intensity of the current spots resulting from
the VPg labeling of LMV systematically fell in the
∼15�40 fA range. Assuming that the maximum spot
intensity of 40 fA, which we frequently measured
(see Figure 6), corresponds to the maximum number
of secondary antibodies in the immunocomplex
cluster, and setting, as above, this number to ∼3,
we can derive a characteristic intensity of ∼13 fA per
IgG-PEG-Fc.

This characteristic value is of particular interest
since it allows a reassessment of the CP-labeled
virus data, to tentatively rescale the distribution plots
in Figure 4 in terms of the number of Fc-PEGylated
IgGs per CP-labeled virus particle. This yields an aver-
age number of IgG-PEG-Fc per virus of ∼30 which,
considering there are 5�10 Fc-PEG chains per anti-
body, leads to a coverage of 150�300 Fc heads per
CP-marked LMV.

CONCLUSION

In this work, we demonstrated that immunoredox
Mt/AFM-SECM imaging enables the in situmapping of
the distribution of proteins on individual virus particles.
Acquisition of a topography image allows isolated
virus particles to be identified and structurally char-
acterized, while simultaneous acquisition of a current
image allows the sought after protein, marked by
redox antibodies, to be selectively located. The current
detection sensitivity (∼10 fA) and spatial resolution
(∼10 nm) achieved here are such that single-protein
molecules (VPg) could be detected and located at the
extremity of isolated viruses. Even though single mol-
ecules have already been detected by SECM,68�70 this
is the first time, to the best of our knowledge, that
individual (macro) molecules have been imaged under
in situ conditions using a SECM-based microscopy
technique.
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We concomitantly demonstrated that Mt/AFM-
SECM, due to its single-particle resolution, can also
uniquely reveal the way redox functionalization,
here endowed to viral particles via redox antibodies,
is distributed both statistically among the viruses
and spatially over individual viruses. This possibility

potentially makes Mt/AFM-SECM a versatile tool in the
field of viral nanotechnology, where redox-functiona-
lized viruses, intended as multiple electron reservoirs,
have been produced (via chemical functionalization)
but were so far only characterized at the “ensemble”
level.24,25

METHODS

Biological Material. Virus Particles. Lettuce mosaic virus and
potato virus A were prepared according to a previously pub-
lished procedure,59 modified as follows. Typically, 1 g of leaf
material from previously infected plants (Lettuce mosaic virus,
AF199 isolate) was grinded with 10 mM phosphate buffer,
pH 7.0 (tissue-to-maceration ratio (W/v) of 1:5), and 0.1 g of
carborundum (silicon carbide). Leaves from 75 young (10 cm
high) Nicotiana benthamiana plants were softly rubbed with
this preparation (carborundum particles induce small wounds
on the leaf surface and facilitate virus penetration). All plants
were grown in confined green house facilities under controlled
light,moisture, and temperature conditions. After 25 days, 300 g
of symptomatic leaves was homogenized in cold 0.1 M phos-
phate buffer pH 8, containing 0.15% 2-mercaptoethanol and
0.01 M EDTA (1 g leaves/2 mL buffer). Plant debris was spun
down at 7000g for 20 min. After filtration through two layers
of cheese cloth, Triton X-100 was added to the supernatant
(final concentration 3%, v/v) and gently stirred at 4 �C for 3 h.
The remaining insoluble material was spun down at 12 000g for
10 min. Virus particles were precipitated overnight by addition
of PEG6000 (40 g/L of supernatant) and 0.2 M NaCl under gentle
stirring at 4 �C in the dark. Virus particles were recovered
by centrifugation at 12 000g for 20 min. The virus pellet was
suspended in 1/10th of the starting supernatant in cold phos-
phate buffer 0.1 M, pH 8, containing 1% Triton X-100. This
extract was centrifuged at 160 000g for 1 h at 4 �C. The pellet
was gently suspended overnight at 4 �C in 0.1 M phosphate, pH
8 (5 mL for 100 g of starting leaves). Ultracentrifuge tubes
(Beckman rotor SW 41 TI, 13mL vol) were filledwith 5mL of 30%
sucrose in 0.1 M phosphate buffer pH 8. The virus suspension
(2 mL per tube) was gently layered on the top of this sucrose
cushion and centrifuged at 150 000g for 3 h at 4 �C. The pellet
containing the virus particles was gently suspended overnight
at 4 �C in 2mLof 0.1Mphosphate buffer pH8. The virus particles
obtained were purified through a 5�40% discontinuous sucrose
gradient as follows: centrifugation tubes (Beckman rotor SW 41
TI, 13 mL vol) were filled with sucrose solutions in phosphate
buffer; from bottom to top, 1.5 mL 40%, 3 mL 30%, 3 mL 15%,
1.5 mL 5%. A volume of 0.5 to 1 mL of virus suspension was
carefully layered on the top of the gradient. The virus preparation
was centrifuged at 80000g at 4 �C for 1 h. The pellet was
suspended in the minimum amount of phosphate buffer
(0.1 M) pH 8. The virus suspension was quantified by absorp-
tion spectrometry (ε0.1%

260nm = 2.6). Aliquots of 200 μL of virus
(5�6mg/mL) were stored at�80 �C. The characterization of one
of these preparations is shown in Figure S10.

Primary and Secondary Unlabeled Antibodies. Anti-VPg rab-
bit polyclonal antibodies (pAB) from LMV were raised against a
recombinant form of VPg produced in E. coli. The specificity of
these antibodies was assessed by Western blot (Figure S11).
LMV anti-CP and PVA anti-CP pAB were obtained from
Dr. Hervé Lot (INRA Avignon, France) and Pr. Kristiina Mäkinen
(Univ. Helsinki), respectively. The secondary polyclonal goat
anti-rabbit IgGs and BSA (IgG-free grade) were from Jackson
ImmunoResearch Laboratories.

Chemicals. A previously described home-synthesized hetero-
bifunctional polyethylene glycol derivative NHS-PEG3400-Fc
(average number of OCH2CH2 monomer units 79), containing
a redox ferrocene ethyl unit (Fc) at one end and an amine-
reactive N-hydroxysuccinimide (NHS) ester at the other end,
was used for Fc-PEGylation of the goat anti-rabbit antibodies.71

The linear methoxy-terminated PEG2000 disulfide (PEG2K-SS)

molecule used for protective backfilling was custom-synthe-
sized as described elsewhere.52 Glutaraldehyde (EM grade),
used as a fixative, was from Polysciences, Inc.

All other chemicals and solvents were analytical grade and
used without further purification. All aqueous solutions were
made with double-deionized water (18.2 MΩ 3 cm resistivity,
TKA Micro-Pure UV). The same 10 mM pH 7.4 phosphate buffer
solution was used to prepare the PEG2000 disulfide, BSA, anti-
body, and virus solutions. In order to prevent nonspecific
adsorption, all of the antibody solutions contained 0.1% BSA
and 0.1% Tween 20 (w/w), and 0.1% sodium azide was added as
a preservative to all antibody solutions.

Preparation of the Fc-PEGylated IgGs. Attachment of Fc-PEG
chains to goat anti-rabbit IgGs was carried out by reacting the
NHS-activated ester of the home-synthesized NHS-PEG3400-Fc
chains with the amino groups of the IgG species, following a
previously described procedure.52,61

Preparation of the Gold Surfaces. Flat gold surfaces were pro-
duced by template-stripping of a 200 nm thick gold layer
deposited on mica,60 as previously described.51

Adsorption of LMV on Gold and Redox Immunomarking. Virus
Adsorption. The freshly peeled gold surface was immersed in
the phosphate buffer solution containing LMV or PVA viruses at
50 μg/mL. After 10�20 min adsorption time, the surface was
rinsed and left for 20 min in buffer for desorption of any weakly
bound material.

Protective Backfilling Treatment. The surface was then back-
filled either by a mixed PEG/BSA layer or a simple BSA layer. In
the former case the surface was immersed in a 0.7 mM solution
of PEG2000-disulfide for 2 h followed by immersion in a 1mg/mL
BSA solution for 1 h. In the latter case, the surface was solely
immersed in the BSA solution. The PEG/BSA layer displayed
superior protective performances since almost no nonspecifi-
cally adsorbed Fc-PEGylated clusters could be detected in the
current images (see Figure 2 and Figure 3). Actually, about one
nonspecifically adsorbed Fc-PEGylated cluster could be seen
per 10 μm2 (representing 1/100000th of surface saturation by a
10 nm sized molecule). Protection by simple BSA adsorption
was much less effective since as much ∼40 nonspecifically
adsorbed Fc-PEGylated clusters could be seen per 10 μm2

(representing 1/2500th of saturation). Yet simple BSA protec-
tion was preferred for VPg-marking experiments since PEG/BSA
protection tended to limit recognition of VPg by the antibodies.

Virus Marking by Antibodies. The surface was left in contact
with a 5 μg/mL solution of polyclonal rabbit anti-CP (or anti-VPg)
antibodies for 1 h. After being thoroughly rinsed, the surface was
then left overnight in contact with a 20 μg/mL solution of
polyclonal anti-rabbit Fc-PEGylated antibodies.

Fixation by Glutaraldehyde. Just before in situ Mt/AFM-
SECM imaging, the surface was immersed in a 1% glutaralde-
hyde solution prepared in 10 mM pH 7.4 phosphate buffer and
left to react for 15 min. This treatment hardens the viral
structure and facilitates AFM imaging of viruses in liquid.14,72

Unless otherwise stated, the samples were kept in phosphate
buffer solution during all of their preparation and imaging.
Surfaces were stored at room temperature, covered by phos-
phate buffer containing 0.1% sodium azide, and placed in
a water-saturated atmosphere. This atmosphere was either air
for BSA-protected surfaces or argon for PEG/BSA-protected
surfaces (to preserve the PEG layer from oxidation).

Fabrication of the Combined AFM-SECM Tips. The tips were hand-
fabricated according to a procedure adapted from literature73

and largely detailed elsewhere.74 Briefly, a 60 μmdiameter gold
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wire was flattened, and its extremity was successively bent and
etched to obtain a flexible cantilever bearing a conical tip with
a spherical apex in the 20�100 nm range in radius (depending
on the etching conditions).51 The tip was fully insulated by
deposition of an electrophoretic paint and glued onto an AFM
chip. The apex was selectively exposed in order to act as a
current-sensing nanoelectrode. The apparent radius of each tip
was evaluated in situ by monitoring the width of the viruses, as
measured from topography images, and using the equation
relating the apparent size of a cylindrical object imaged in AFM
to its actual diameter and to the tip radius (see Figure S11).
The same tip could be used for several experiments in a row;
tip fouling was rarely observed. However, we did notice that the
tips tended to wear off slightly (their apparent radius tended to
increase) but only after many hours of cumulated imaging time.

AFM and AFM-SECM Experiments. The AFM and Mt/AFM-SECM
images were acquired using a JPK Nanowizard II microscope. In
order to be operable in AFM-SECM mode, this microscope was
modified according to specifications previously defined in our
laboratory for another AFM system.51 The standard JPK electro-
chemical liquid cell contained 900 μL of filtered pH 7.4 10 mM
buffer solution and was equipped with a platinum wire as a
counter electrode and a micro-Ag/AgCl reference electrode. All
potentials in this work are reported versus the KCl saturated
calomel electrode reference SCE (for easier comparison to bio-
logical redox scale þ240 mV vs SHE).75 A new generation of
homemade bipotentiostat was used to control independently
the potential applied to the substrate and to the electrochemi-
cal tip. Cyclic voltammograms could be recorded at the sub-
strate while maintaining a constant bias at the tip. For the tip
and substrate current acquisitions, high (0.8 pA/V) and low (10
μA/V) gain current measuring circuits were used. The tip current
signal was passed through a 10 Hz low-pass analogue filter.
Slow enough image scan rates (0.2�0.3 Hz) were used to avoid
distortion of the current image by the filter. The substrate
potential was generated by the JPK controller and the tip
potential by the internal generator of the bipotentiostat. The
tip�current data were corrected from the nonspecific leakage
current resulting from the imperfect insulation of the connect-
ingwires. This current is nonspecific and independent of the tip-
to-substrate distance. Postacquisition processing of the current
images was kept minimal. It consisted of first-order flattening
followed by light Gaussian filtering. These processing steps did
not significantly distort the current data as can be seen from
Figure S10. Nevertheless, filtering was only applied for render-
ing purposes, and all current measurements were made on raw
or flattened-only images. Images shown in text were processed
using the WSxM software.76
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