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in conjunction with algorithms for distance and cluster 
analyses to study changes in the distribution of virus par-
ticles themselves or in the distribution of infection-related 
proteins, the hepatocyte growth factor receptors, in the 
cell membrane on the single-molecule level. Not requiring 
TIRF (total internal reflection) illumination, SPDM was 
also applied to study the molecular arrangement of gp36.5/
m164 glycoprotein (essentially associated with murine 
cytomegalovirus infection) in the endoplasmic reticulum 
and the nuclear membrane inside cells with single-mole-
cule resolution. On the basis of the experimental evidence 
so far obtained, we finally discuss additional application 
perspectives of localization microscopy approaches for the 
fast detection and identification of viruses by multi-color 
SPDM and combinatorial oligonucleotide fluorescence in 
situ hybridization, as well as SPDM techniques for optimi-
zation of virus-based nanotools and biodetection devices.

Abstract L ocalization microscopy approaches allow-
ing an optical resolution down to the single-molecule 
level in fluorescence-labeled biostructures have already 
found a variety of applications in cell biology, as well as 
in virology. Here, we focus on some perspectives of a spe-
cial localization microscopy embodiment, spectral preci-
sion distance/position determination microscopy (SPDM). 
SPDM permits the use of conventional fluorophores or 
fluorescent proteins together with standard sample prepara-
tion conditions employing an aqueous buffered milieu and 
typically monochromatic excitation. This allowed super-
resolution imaging and studies on the aggregation state of 
modified tobacco mosaic virus particles on the nanoscale 
with a single-molecule localization accuracy of better than 
8 nm, using standard fluorescent dyes in the visible spec-
trum. To gain a better understanding of cell entry mecha-
nisms during influenza A virus infection, SPDM was used 
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Introduction

Viral infections cause a large number of major diseases in 
man, from influenza to small pox, Hepatitis and AIDS, or 
certain types of cancer; they pose health problems on the 
global scale, with hundreds of millions of infections annu-
ally. Furthermore, viruses are involved in various animal 
and plant diseases of high economic impact. On the other 
hand, stable viral or virus-like nanoparticles, especially of 
plant or bacterial origin, have gained increasing importance 
as multivalent scaffolds for nanotechnology and diagnos-
tics during recent years. Loaded with active molecules or 
contrast agents, they are being tested for applications, e.g., 
in biosensing devices or as versatile nanocarriers for tumor 
imaging and drug delivery in vivo [for an actual overview, 
refer to, e.g., (Bittner et al. 2013)].

While the development of well-corrected high numerical 
aperture microscopes in the second half of the nineteenth 
century made possible to readily identify bacteria, most 
viruses appeared to be invisible units. This changed only 
with the advent of electron microscopy (EM) many decades 
later, which demonstrated the diminutive dimensions of 
these entities: The typical size of viruses was found to be in 
the order of 50–100 nm, and hence considerably below the 
conventional, diffraction caused limit of resolution of visi-
ble light microscopy of about 200 nm. EM analyses provide 
images of viruses with an optical resolution down to few 
nm; making possible a detailed study of their morphology 
and interaction with their hosts or of the integrity of viral 
nanoparticles in preparations adapted to diverse in- and 
ex-vivo applications. On the other side, such EM analyses 
require a fairly high workload in specimen preparation; due 
to harsh fixation conditions, it is impractical to use EM to 
monitor viral-cell interactions in vivo or to visualize small 
functional molecules interlinked with virus-derived tem-
plates. Another problem in EM studies is the difficulty to 
separately identify multiple molecule types simultaneously. 
Consequently, it should be highly desirable to develop (far 
field) light optical approaches with enhanced resolution.

Until recently, from the methodological side, this goal 
was regarded to be excluded by the fundamental laws 
of physics: For about a hundred years, it was generally 
accepted that the limits to the optical resolution of the light 
microscope stated by Abbe (1873) and Rayleigh (1896) of 
about half the wavelength of the light used for observation, 
or about 200  nm in the object plane, were not surmount-
able, due to the very nature of light. In the last two dec-
ades, however, new developments in photophysics and 

optical technology have made it possible to realize various 
far-field fluorescence microscopy techniques by which the 
conventional resolution limits have been substantially cir-
cumvented. This revolution was achieved by applying opti-
cal conditions not subject to the specific conditions of the 
Abbe/Rayleigh theories [for reviews, see (Cremer 2012; 
Cremer and Masters 2013; Hell 2007, 2009)]. For example, 
using stimulated emission depletion microscopy (STED) 
based on a focused scanning approach, an optical resolu-
tion of cellular structures in the 15 nm range was realized 
(Donnert et  al. 2006). Visualization of the viral envelope 
(Env) glycoprotein distribution on the surface of individual 
human immunodeficiency virus type 1 (HIV-1) particles 
with stimulated emission depletion (STED) superresolu-
tion fluorescence microscopy (Chojnacki et al. 2012) thus 
revealed maturation-induced clustering of Env proteins that 
depended on interaction of the Env-tail with the main viral 
structural polyprotein Gag.

Another ‘superresolution’ or ‘nanoscopy’ approach 
denoted as patterned excitation or structured illumination 
microscopy (PEM/SIM) (Gustafsson 2000; Heintzmann 
and Cremer 1999; Heintzmann and Gustafsson 2009; Sch-
ermelleh et al. 2008) achieved an optical resolution (object 
plane) in the 100-nm range by using a structured pattern of 
the light distribution instead of the conventional homoge-
neous illumination; axially structured illumination methods 
allowed to measure the extent of small fluorescent-labeled 
structures along the optical axis down to sizes in the few 
tens of nm range, also in 3-D-conserved nuclei (Albrecht 
et al. 2001, 2002; Baddeley et al. 2007, 2010; Hildenbrand 
et al. 2005; Reymann et al. 2008).

In addition to scanning and structured/patterned-illumi-
nation-based nanoscopy approaches, various methods of 
spectrally assigned localization microscopy (SALM) tech-
niques [often abbreviated as single-molecule localization 
microscopy (SMLM) or ‘localization microscopy’] have 
been conceived and realized to study biostructures with an 
optical resolution down to the few nm scale.

Generally, the SALM techniques are based on the inde-
pendent registration of the diffraction images (‘optical 
isolation’) produced by point emitters, using appropriate 
differences in their ‘spectral signatures’ in conjunction 
either with near-field microscopy (Betzig 1995; Ha et  al. 
1996), or with far-field fluorescence microscopy systems 
(Cremer et  al. 1998, 1999). For example, differences in 
the absorption/emission spectrum of photostable fluoro-
phores (Van Oijen et  al. 1998; Bornfleth et  al. 1998; Esa 
et al. 2000, 2001; Rauch et al. 2000, 2008); or differences 
in the time domain, such as variations in fluorescence life 
times (Heilemann et al. 2002); or the time-dependent sto-
chastic switching of fluorescence emission characteristics 
(Baddeley et al. 2009, 2011; Bates et al. 2007; Betzig et al. 
2006; Bock et  al. 2007; Fölling et  al. 2008; Heilemann 
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et al. 2008; Hess et al. 2006; Huang et al. 2008; Lemmer 
et  al. 2008, 2009; Lidke et  al. 2005; Löschberger et  al. 
2012; Reymann et al. 2008; Rust et al. 2006; Shroff et al. 
2008; Shtengel et  al. 2009; Steinhauer et  al. 2008) have 
been used for optical isolation of ‘point emitters’. In this 
way, it became possible to assign the center/maximum of 
the diffraction images independently from each other with 
an accuracy down to a small fraction of the pixel size of 
the detector; due to the design of the optical instrument, 
the center coordinates thus determined can be correlated 
with the position of the point emitter in the object plane; 
hence, distances substantially smaller than the conven-
tional resolution limit can be measured, even if far-field 
fluorescence microscopy systems with homogeneous exci-
tation are used (Cremer et al. 1998, 1999). In the case of 
the Rayleigh/Abbe criterion (smallest detectable distance 
between two neighboring point sources), this enhance-
ment in optical resolution is limited only by the localiza-
tion accuracy σloc of the optically isolated point emitters; 
σloc itself is dependent on various parameters of the opti-
cal system used, the background noise, or the number of 
fluorescence photons registered from a given point source 
(Bornfleth et  al. 1998). Experimentally, σloc values down 
to the subnanometer range have been reported (Albrecht 
et  al. 2001; Pertsinidis et  al. 2010; Schmidt et  al. 2000), 
using excitation wavelengths in the 500–700 nm range. In 
case the Nyquist criterion has to be applied to elucidate 
nanostructural detail, in addition to the localization accu-
racy σloc, the density ρem of optically isolated point emit-
ters becomes important. To enhance ρem, the SALM meth-
ods for stochastic photoswitching referred to above have 
been especially useful to image cellular nanostructures 
down to the single-molecule resolution level (for reviews, 
see Cremer et  al. 2011; Cremer and Masters 2013; Hess 
et al. 2009; Müller et al. 2012; Van de Linde et al. 2011; 
Zhuang 2009).

A particular feature of the special SALM-technique 
‘spectral precision distance/position determination micros-
copy’ (SPDM) applied here is the possibility to use con-
ventional green fluorescent proteins/organic fluorophores 
and mild standard preparation conditions (including physi-
ological ones), together with photoswitching/readout by 
a single laser frequency for a given molecule type. Like 
the other localization microscopy techniques mentioned, 
SPDM is generally based on the principle of optical iso-
lation of fluorescent point emitters (e.g., molecules) by 
using different ‘spectral signatures’ for discrimination. In 
the original SPDM concept (Cremer et al. 1998, 1999), in 
addition to differences in the excitation/absorption spec-
tra of photostable fluorophores (Bornfleth et al. 1998; Esa 
et al. 2000, 2001), these signatures included time-depend-
ent changes in the fluorescence emission such as different 
fluorescence life times (Heilemann et  al. 2002) as well 

as random labeling approaches (Cremer et  al. 2003). On 
these principles, an advanced SPDM method (‘SPDM with 
physically modified fluorophores/SPDMPhymod’, in the fol-
lowing abbreviated as SPDM) was realized which allowed 
an efficient optical isolation of individual standard syn-
thetic fluorophores in cellular structures at high molecule 
densities, using the same laser frequency for both photos-
witching, fluorescence excitation and bleaching of a given 
molecule type, in combination with standard preparation 
conditions (Reymann et al. 2008; Lemmer et al. 2008). In 
contrast to the original ‘Stochastic Optical Reconstruction’ 
(STORM) method (Rust et  al. 2006), instead of pairs of 
molecules and different laser frequencies, optical isola-
tion by ‘blinking’ is possible also with single molecules. 
In this respect, SPDM is related to the direct STORM 
(dSTORM) and similar techniques published shortly after 
Reymann et  al. 2008 (Heilemann et  al. 2008; Steinhauer 
et  al. 2008; Fölling et  al. 2008) There remain, however, 
many differences between the actual dSTORM/SPDM 
protocols (Cremer and Masters 2013). The SPDM method 
has already been successfully applied in the analysis of 
nuclear pore complex distribution (Reymann et al. 2008); 
of protein distributions and specific DNA sequences in the 
cell nucleus (Gunkel et  al. 2009; Kaufmann et  al. 2009; 
Weiland et  al. 2011); of membrane proteins, such as the 
analysis of breast cancer-related Her2/neu clusters (Kauf-
mann et  al. 2011); of claudin networks (Kaufmann et  al. 
2012); of glycoproteins (Huber et al. 2012); of the expres-
sion of viral proteins (Müller et al. 2014); of the morphol-
ogy of tobacco mosaic viruses in aqueous suspensions 
(Cremer et al. 2011); or in the analysis of influenza virus 
infection with respect to the spatial distribution of hepato-
cyte growth factor receptors (HGFR) membrane proteins 
(Wang et al. 2014).

In this contribution, we shall first present the state of 
the art of our localization microscopy/SPDM-based analy-
ses related to virus particle morphology and aggregation 
in aqueous solution; to virus-cell interaction and to viral 
protein expression. In previous contributions (Cremer et al. 
2011; Wang et al. 2014; Müller et al. 2014, methodological 
details of these SPDM applications have been described. 
Here, we focus on the impact of superresolution micros-
copy on virology. We shall first summarize the state of the 
art, including some hitherto unpublished material. Based 
on this experience, we shall then discuss some perspectives 
for use of localization-based superresolution microscopy in 
this field, including the possibility to identify a large vari-
ety of viruses by multi-color SPDM and combinatorial oli-
gonucleotide fluorescence in situ hybridization (COMBO-
FISH, Hausmann et  al. 2003; Müller et  al. 2010), and to 
analyze critical parameters of plant viral nanoparticle 
preparations for technical and medical applications, such as 
aggregate formation in suspension or surface distribution of 
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molecules coupled to tobacco mosaic virus (TMV) nucleo-
protein biotemplates (Geiger et al. 2013).

Material and methods

Localization microscopy/SPDM

SPDM setup

The SPDM setup used has been described in detail previ-
ously (Cremer 2012; Gunkel et al. 2009; Kaufmann et al. 
2009; Lemmer et al. 2008; Reymann et al. 2008). Briefly, a 
diode-pumped solid-state (DPSS) laser with a wavelength 
of 488 nm (Sapphire HP488, Coherent, Dieburg, Germany) 
was utilized for excitation of antibody bound Alexa488 
fluorescent molecules, of Atto488 fluorescent molecules, 
and of yellow fluorescent protein (eYFP) (for details see 
Reymann et  al. 2008; Lemmer et  al. 2008; Gunkel et  al. 
2009; Cremer et al. 2011). The specimens were illuminated 
by the defocused laser beam (object plane diameter sev-
eral tens of μm) using a high numerical aperture objective 
lens (63×/NA1.4 oil). The fluorescence light was transmit-
ted through a dichroic mirror and an emission filter and 
then imaged via a lens with a magnification of 1.0× onto 
a highly sensitive CCD camera with low readout/multi-
plicative noise (SensiCam QE, PCO Imaging, Kehlheim, 
Germany).

Data acquisition, position determination and visualization

To obtain an SPDM image with enhanced resolution, typi-
cally one to several thousand frames (fr) of the same region 
of interest of the same object were taken at a rate of ca. 
10  fr/s, using an illumination intensity of about 25  kW/
cm2. The electron counts for each pixel of the CCD cam-
era were converted to photon numbers in each image of the 
data stack. Differential image data were calculated by sub-
tracting the succeeding from the preceding frame. Only a 
few fluorescent signals were visible in each frame; thus, we 
assumed that each signal contained fluorescent light from 
a single molecule. By fitting a two-dimensional Gaussian 
with a linear estimation of the background noise to single-
molecule signals, the positions of the registered molecule 
signals were determined (Kaufmann et  al. 2009). All the 
positions found were assigned to a single localization map, 
i.e., a list of coordinates together with values for photon 
count number of signal and background and for localiza-
tion accuracy.

For visualization of the position data assigned to the 
localization map, various image representations were gen-
erated (Kaufmann et  al. 2009, 2011, 2012). By blurring 
the position of each individual molecule signal with the 

individual localization accuracy, an image of the localiza-
tion map was generated. The width of the blur kernel cor-
responds to the optical, single-molecule resolution in the 
reconstructions: Two adjacent, blurred molecule signals in 
a distance dmin still visually separated from each other indi-
cated a similar (two-point) optical resolution valid for fluo-
rescent point emitters according to the Rayleigh criterion 
(Rayleigh 1896). This means that any fluorescent molecule 
positions in the specimen with a mutual distance larger than 
dmin can be discriminated from each other and assigned to a 
localization map. Such a two-point resolution may provide 
substantial biologically relevant information even in the case 
that only a few molecules can be localized within a diffrac-
tion limited area given by the conventional resolution limit 
(Esa et al. 2000, 2001; Rauch et al. 2000, 2008). To obtain 
a visualization of the structural resolution achieved (Cre-
mer and Masters 2013), the localization map was rendered 
by the density of the detected molecules and the localiza-
tion accuracy. Blurring each molecule position with a Gauss 
kernel corresponding to the distance to the next neighboring 
molecule(s) generates an image with a resolution depend-
ent on the local molecule densities (termed density ren-
dered image, Kaufmann et  al. 2012). In the experiments 
reported here, the mean estimated localization accuracy was 
typically around 20  nm for cellular specimens and 8  nm 
for tobacco mosaic virus (TMV), excitation at wavelength 
λexc = 488 nm. While the density rendered image facilitates 
the visual inspection of structural details and the localiza-
tion accuracy blurred image depicts the precision of the 
detected single-molecule positions, the unblurred localiza-
tion map makes possible a detailed quantitative analysis, 
such as counting of individual molecule signals, distance 
frequency distributions, accumulations into clusters, com-
parison with random distributions. In this report, all analy-
ses and conclusions are based on the direct evaluation of the 
original localization map, taking into account the limits in 
(optical and structural) resolution obtained.

Data analysis

The localization maps of the positions of single-molecule 
signals obtained were analyzed by a variety of evaluation 
tools described in detail elsewhere (Kaufmann et al. 2009, 
2011, 2012). In particular, normalized frequencies were 
calculated from the SPDM map positions for the distance 
distribution of reporter molecules on the membrane. To 
identify aggregations of molecules, a density-based clus-
ter definition was used. Here, a cluster was defined as an 
ensemble of molecules where around each molecule sig-
nal, three or more neighboring signals were counted within 
a distance r =  60  nm. This means that all molecules that 
had at least three neighbors within a distance of 60 nm were 
assigned to the same cluster. Consequently, also larger or 
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smaller cluster sizes than 2r can be obtained. The number of 
molecule signals within a given cluster is referred to as NCL.

For comparison, random distributions of points were 
generated with the same mean density as the localiza-
tion data. In order to keep the possibility of clustering in 
the random distribution of points lower, a critical density 
was introduced to reject clusters with densities below that 
value, i.e., clusters present based on pure statistics. For fur-
ther details, see (Gunkel et al. 2009; Kaufmann et al. 2011).

Preparation of fluorescently labeled plant‑derived TMV

Rod-shaped, genetically engineered TMV particles expos-
ing an amino group (TMVLys) on every of their ~2,100 coat 
protein (CP) subunits (Geiger et al. 2013) were propagated 
in and isolated from Nicotiana tabacum ‘Samsun’ nn plants 
(Mueller et al. 2010). Covalent labeling of their CPs via the 
NH2 groups followed a ‘click chemistry’ mode with tenfold 
molar excess of Atto488 succinimidyl (NHS) ester (Sigma-
Aldrich, München, Germany) in relation to the CP num-
ber, in 10  mM sodium potassium phosphate (SPP) buffer 
pH 7.4. A 100 μl reaction mixture with 100 μg TMV and 
an appropriate amount of dye-NHS ester was shaken at 
600  rpm (Thermomixer Compact, Eppendorf, Hamburg, 
Germany) and 20 °C for 1.5 h in the dark. Unbound excess 
dye was separated from the TMV rods by ultracentrifuga-
tion (2 h, 15 °C, 120,000g; Sorvall Ultra Pro 80, Thermo 
Fisher Scientific Inc., Waltham, USA) and discarded with 
the supernatant. The pellet of modified virus derivatives was 
washed twice by re-suspension in 10 mM SSP pH 7.2 and 
re-sedimentation. The labeling efficiency was determined 
via UV absorption spectroscopy (NanoDrop ND-1000, 
PEQLAB Erlangen, Germany) to about 40 % of the viral 
CP subunits of the sedimented TMV tubes, corresponding 
to about 840 individual dye molecules per 300 nm length 
of a single monomeric viral particle. Atto488-labeled TMV 
was diluted to 0.1  pg/μl in water; 5 μl were placed on a 
microscope slide (Menzel, Braunschweig, Germany) and 
subjected to a vacuum until the liquid was evaporated.

Preparation of influenza A virus‑exposed epithelial cells

The human lung epithelial cell line A549 used was culti-
vated in DMEM (PAA) supplemented with 10 % heat-inac-
tivated fetal bovine serum (FBS, Biochrom). Conventional 
object slides were used. One day prior to infection, cells 
were seeded on cover slides at 80  % of confluency. For 
influenza A virus (IAV) infection, the cells were inoculated 
with influenza virus A/Puerto Rico/8/34 (H1N1). To allow 
the IAV particles to attach, the cells were incubated at 4 °C 
for 1 h after addition of the inoculum. Cells were fixed with 
formaldehyde for further processing.

For SPDM, two different treatments were applied:

Antibody labeling of IAV coat proteins

Immunofluorescence labeling of IAV coat proteins with 
Alexa488 as reporter fluorophores and incubation with 
A549 cells was performed according to standard protocols.

Antibody labeling of a potential IAV receptor protein 
complex

Cells were treated with recombinant human growth 
factor/HGF (R&D Systems) at a concentration of 30 ng/ml 
(in Opti-MEM). The inoculum of the negative controls just 
contained medium (Opti-MEM  + G lutamax, Invitrogen); 
the positive controls contained medium and HGF (final 
concentration 30  ng/ml) and the inoculum of IAV treated 
cells contained medium and virus particles at a multiplic-
ity of infection (MOI) of 100 (this means on average 100 
infectious particles per cell). Thereafter, all cells treated in 
this way were incubated at 37 °C in a standard CO2 incuba-
tor for the times indicated (5, 10, 15 and 30  min) before 
they were fixed on the cover slip and labeled. For this, the 
inoculum was removed; cells were washed twice with PBS 
and fixed with formaldehyde (Roth, 3.7 % v/v in PBS) at 
room temperature (RT) for 20  min. For permeabilization, 
cells were then incubated with 0.2  % (v/v) Triton X 100 
at RT for 2  min. Immunofluorescence labeling was per-
formed using rabbit anti-HGFR polyclonal antibodies and 
Alexa488-labeled goat anti-rabbit antibodies. For further 
details, see (Wang et al. 2014).

Expression of viral proteins

For generation of vector pEYFP-m164 expressing the 
glycoprotein gp36.5/m164 from murine cytomegalovirus 
fused to EYFP (enhanced yellow fluorescent protein), the 
corresponding viral gene was amplified by PCR, using 
primer pair m164_EcoRI_for (5′-CGTGGAATTCTCGC-
CGCCATGTTTCTCCGCGGC-3′) and m164_BamHI_rev 
(5′-AAGGGATCCTCTGACGAACGTCCGACGC-3′). 
Purified viral DNA derived from the mCMV-Wildtype 
strain Smith (ATCC VR-194/1981, re-accessioned as VR-
1399) served as the template. The corresponding fragment 
was cloned via the EcoRI/BamHI restriction sites into the 
pEYFP-N1-vector backbone.

COS-7 cells were grown on glass cover slips for 24 h. 
Expression vector pEYFP-m164 was transiently trans-
fected into the COS-7 cells by using PolyFect transfection 
reagent. Cells were fixed 48 h post-transfection with 4 % 
(w/v) formaldehyde freshly prepared from paraformalde-
hyde, and the cover slips were mounted in ProLong Gold 
antifade reagent (catalog no. P36930, Life Technologies) 
for storage at 4 °C in the dark. For more details, see (Mül-
ler et al. 2014).
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Results

Localization microscopy/SPDM of virus particle 
morphology and aggregation state

To elucidate the potential of localization microscopy/SPDM 
to study morphology, functionalization and aggregation 
status of virus particles, tobacco mosaic virus (TMV) was 
employed due to its high potential and increasing use as 
multivalent elongated bioscaffold in functional materi-
als (e.g., Wu et al. 2010; Atanasova et al. 2011; Eber et al. 
2013), miniaturized devices (Alonso et al. 2013) and medi-
cal imaging (e.g., Bruckman et al. 2013).

Tobacco mosaic virus is a robust, self-assembling tube-
shaped plant virus of 300-nm natural length and 18  nm 
diameter, with an inner longitudinal channel 4  nm in 
width. Its protein shell consists of 2,130 identical, helically 
arranged coat protein (CP) monomers, interacting with a 
single buried RNA molecule determining the final length of 
the viral particle. By biochemical and genetic engineering 
techniques, different TMV-derived nanotube biotemplates 
of pre-determined aspect ratio and with tailored surfaces 
have been produced (Kadri et al. 2011; Geiger et al. 2013; 
Eiben et al. 2014). For the SPDM measurements reported 
here, a TMV mutant (T158K with a natural CP threonine 
moiety exchanged for a lysine, hence named TMVLys; 
Geiger et  al. 2013) presenting an amine functionality on 
every CP subunit on its outer surface was used, which was 
exploited for covalent fluorescent labeling of the viral parti-
cles at non-disruptive conditions.

Figure  1 highlights the capability of localization 
microscopy/SPDM to identify the shape of a virus par-
ticle, in contrast to the conventional widefield image. 
While in the latter case it was impossible to visualize the 
plant viruses as rodlike thin structures, the localization 
microscopy/SPDM image allowed the clear identification 
of these nanostructural elements. A detailed quantitative 
analysis (Gunkel 2011) revealed a length of these particles 
typically around 300 nm (or multiples). Furthermore, fluo-
rophore density profiles across the virus structures were 
extracted, showing typically a Full-Width-at-Half-Maxi-
mum (FWHM) around 60 nm. For extraction of the virus 
diameter, these profiles were deconvolved (using a least 
square fit) with the effective lateral PSF of the localization 
microscopy, as generated from the values for the localiza-
tion accuracy. A detailed comparison of the individual mol-
ecule positions in several hundred TMVs with numerical 
models of cylindrically shaped TMVs (Gunkel 2011) indi-
cated a diameter (FWHM) of ca. 20 nm, i.e., values very 
close to those obtained from EM and crystallographic data.

The high structural resolution of virus particles by SPDM 
as visualized in Fig. 1 may be used to determine the over-
all distribution pattern of functional molecules on the viral 

scaffold, a beneficial analytical tool for future applications of 
non-evenly functionalized biotemplates (Geiger et al. 2013), 
and to ascertain the aggregation state of such objects in a 
larger region of interest (ROI) directly after deposition to the 
slide from an aqueous suspension and hence to count reli-
ably the number of monomeric as well as laterally or head-
to-tail aggregated virus particles in this ROI. From this, an 
estimate on the homogeneity of nanoparticle suspension and 
corresponding local virus densities may be obtained.

Figure  2 shows an example for the ‘nanoimaging’ of 
the aggregation and counting of virus particles by locali-
zation microscopy/SPDM. While in the example shown in 
Fig. 2a, the conventional resolution image still allows a first 
rough estimate of the virus distribution and concomitant 
particle aggregation state, a more exact quantitation can-
not be achieved. This, however, became possible by appli-
cation of the SPDM mode: Each virus particle in the ROI 
shown in Fig. 2b is clearly identified by its rodlike shape. 
On the basis of morphology, 102 TMV particles were man-
ually counted in a region of interest of 62 μm2, resulting 
in an estimated virus density of ρvirus  =  1.6  ×  106/mm2 
with several laterally or head-to-tail aggregated nanotubes. 
This confirms numerous earlier observations on an exten-
sive aggregate formation and ‘multimerization’ of TMV 
particles, which depends on the nanorods’ physicochemi-
cal environment, but is difficult to determine in a quantita-
tive manner by ultra-resolution imaging techniques: Sam-
ple preparation for electron or atomic force microscopy 
may promote deposition artifacts and thus affect the TMV 
aggregation status if, e.g., buffer exchanges, mechanical 
spreading or airstream drying methods, substrate surface 
coatings or chemical fixatives are employed. By contrast, 
localization microscopy can use a broad range of TMV 
nanorod formulations in different solvents or buffers, from 
which the viral particles are immobilized gently and slowly 
to non-treated or, e.g., silane-modified slides, with optional 
washing steps removing salt and other contaminants after 
TMV settling. In combination with the large substrate areas 
analyzable by SPDM thereafter, the average percentage of 
laterally or head-to-tail aggregated nanoparticle dimers and 
oligomers may be determined exactly and easily for a cer-
tain TMV preparation, with the need of only a low number 
of specimens to ensure statistically firm data.

Nanoimaging of virus‑cell association

A decisive stage in the infection cycle of animal viruses is 
the interaction of virus particles with the cell membrane, 
as the first step prior to cell penetration and uncoating. As 
an example for the potential of localization microscopy to 
elucidate such entry mechanisms, we here report on the use 
of SPDM to highlight the close spatial association of influ-
enza A viruses to human lung epithelial cells.
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Influenza A virus (IAV) is capable of rapid genetic 
changes in mammals. It is an important pathogen that 
causes acute diseases of the respiratory tract in millions 
of people each year all over the world. The IAV subtype 
H1N1 is currently endemic in both human and pig popula-
tions (Spicuzza et al. 2007; Swayne and Halvorson 2008).

Figure  3 shows an example for the SPDM analysis of 
the close apparent association of IAV particles to the mem-
brane of human lung cells. In this case, an IAV coat protein 
was immunostained using fluorescence-labeled antibodies. 
While it was impossible to reveal any peculiarities of the 
virus association in the conventional resolution wide-field 
image (Fig.  3a), this was clearly indicated in the SPDM 
image (Fig.  3b). This image indicates the result of an 
analysis where all molecule positions assigned to clusters 
containing at least 10 signals were presented in the SPDM 
image, blurred with the localization accuracy.

The diameter of these IAV protein clusters was found be 
on average about 120 nm, i.e., close to the size of IAV virus 
particles determined by electron microscopy. Hence, the 
SPDM image indicates the possibility to count the individ-
ual IAV protein clusters along the membrane, in contrast to 
the conventional resolution image. Since only the virus par-
ticles had been labeled in these ‘one color’ SPDM experi-
ments, it was not possible to measure the exact distance 
to the cell membrane. However, together with dual color 
SPDM of a cell membrane protein, it should become possi-
ble to determine even the attachment sites to the cell mem-
brane with accuracies in the range of a few nanometers.

SPDM analysis of virus‑receptor interactions

The interaction of virus particles with cell membrane 
receptors is one of the most critical steps in infection. As 

Fig. 1   Localization microscopy/SPDM of virus morphology. SPDM 
images of TMV particles with coat proteins (CPs) labeled with the 
fluorophore Atto488. a, c In the two SPDM images from two dif-
ferent regions of interest, the individual dye molecule positions are 
blurred by a Gaussian function with a standard deviation correspond-

ing to the individual localization accuracies; the molecule positions 
determined are indicated by blue crosses. b, d Corresponding con-
ventional microscopy images taken with the same microscope optics 
(NA =  1.4) and excitation wavelength (λexc =  488 nm). Scale bars 
(a, c) valid also for images in b, d are 200 nm. From Gunkel (2011)
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a methodological example, here, we show the application 
of localization microscopy/SPDM to study a possible influ-
ence of IAV infection on the spatial distribution of a spe-
cific membrane receptor complex in human cells.

Previous studies (Eierhoff et  al. 2010) have presented 
first indications of an interplay of IAV with receptor tyros-
ine kinases (RTKs). If so, RTKs would be expected to play 
a role in the mechanism of IAV entry into the cells. It is 

Fig. 2   Localization microscopy/SPDM of virus aggregations. a An 
area covered with Atto488 fluorescently labeled TMV particles of 
different aggregation at conventional optical resolution. b The same 
region of interest visualized in the SPDM mode. Individual TMV 
viruses are visible as small rodlike structures, in several cases later-

ally or head-to-tail adjacent to each other. The small dots along these 
rodlike structures denote the position of individual Atto488 dye mol-
ecules coupled to coat proteins. Scale bar 1 μm. For further details, 
see Fig. 1 and text. From Gunkel (2011)

Fig. 3   Localization microscopy/SPDM of human influenza A 
virus association to a cell membrane. a Conventional fluorescence 
microscopy of Alexa488 immunostained IAV viruses associated 
to A549 cells. Shown is only a part of the cell (λexc =  488  nm). b 
SPDM nanoimage of the same cellular region as in a. The positions 

of the individual fluorescent antibody molecule signals detected 
(λexc =  488  nm) within clusters containing at least 10 signals were 
Gaussian blurred with the localization accuracy σloc of the individual 
fluorescent signals. Scale bars 500 nm (original data)
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hence of great importance to study the effects of IAV on 
specific RTK receptor molecules on the cell membrane and 
the influence on their spatial distribution. In this report, we 
discuss the use of localization microscopy/SPDM to study 
on the single-cell/single-molecule level a possible relation-
ship between IAV infection and changes in the spatial dis-
tribution of the membrane based Hepatocyte Growth Factor 
Receptor (HGFR) in human alveolar basal epithelial cells. 
HGFR (Bottaro et al. 1991; Galland et al. 1992) is a pro-
tein encoded by c-met that is a proto-oncogene related to 
process tyrosine kinase activity (Cooper 1992). The HGF 
receptor (HGFR) is a major regulator of proliferation, 
migration. Via its binding, HGFR transduces multiple bio-
logical effects such as mitogenesis, motogenesis, metas-
togenesis and morphogenesis (Bottaro et al. 1991; Weidner 
et al. 1993; Zwick et al. 2001).

Figure 4 shows a conventional wide-field image (a) and 
a localization microscopy/SPDM image (b) of a small part 
of an IAV virus-infected cell after an incubation time of 
5 min. Already from the conventional resolution image (a), 
it is obvious that the spatial distribution of the HGFR pro-
teins on the cell membrane is highly heterogeneous; obvi-
ously, many of them are arranged in small clusters. The 
conventional resolution image (a) suggests that these clus-
ters might even be as large as several hundred nm in diam-
eter, corresponding to the optical resolution limit. Using 
localization microscopy (SPDM, b), the visual inspec-
tion confirms the highly heterogeneous distribution of the 
HGFR clusters already visible in the conventional resolu-
tion images. The SPDM images indicate, however, that 
first, the number of clusters is much larger than detected in 
the conventional resolution images and second, the size of 

the clusters is in reality much smaller (below 100 nm). A 
detailed quantitative analysis (Wang et  al. 2014) of about 
44,000 of such clusters revealed a mean cluster size of 
54 ± 24 nm.

In this previous report (Wang et  al. 2014), we studied 
the number of HGFR molecule signals present within and 
outside clusters as a function of the treatment (after IAV 
infection; with HGF ligand only; without IAV and with-
out HGF) and various incubation times. It turned out that 
on the average, around 20–25 % of all HGFR signals were 
found to reside in clusters of about 50 nm diameter. Sur-
prisingly, in contrast to the considerable variations of the 
absolute numbers of HGFR proteins detected in the indi-
vidual experiments, the HGFR protein densities (obtained 
by an automatic algorithm) in the clusters turned out to be 
quite stable: The overall variation in the density values for 
different treatments and incubation times was around 10 % 
only; in the individual groups, the standard deviation in the 
protein density was around 5–7 %.

Using the average diameter obtained from the density 
related algorithm for the HGFR clusters (54  nm), a first 
estimate was obtained for the number of HGFR molecule 
signals detected in an individual cluster (Wang et al. 2014). 
Altogether, the number of HGFR molecule signals per clus-
ter (NCL) obtained with this estimate was between 5 and 6. 
These first estimates, however, did not consider the varia-
tion in diameter (standard deviation ±  24  nm): Since the 
cluster defining circular area is proportional to the square of 
the diameter, the number of HGFR molecule signals/cluster 
determined from multiplying the density with the cluster 
area becomes highly sensitive to changes in the diameter. 
A change of ±  24 nm in the diameter dcluster corresponds 

Fig. 4   Localization microscopy/SPDM of Alexa488 immunostained 
HGFR protein clusters on the membrane of A549 cells. a Wide-field 
fluorescence microscopy (conventional resolution) of a small part of 
an A 549 cell membrane. b SPDM image of the same cellular region 
as shown in a. The SPDM image was obtained after blurring of the 
individual HGFR localization maps with a Gaussian corresponding 
to the localization accuracy of the individual fluorescent signal (the 

mean localization accuracy of all signals was σloc = 29 nm). As an 
example, the inserts highlight specifically the enhancement of resolu-
tion by SPDM. While in the conventional resolution insert (a), three 
large clusters of several hundred nm in diameter are observed, in the 
SPDM resolution insert (b), these are resolved in multiple clusters, 
each of them substantially smaller than 100 nm. Scale bars 500 nm. 
From Wang et al. (2014), modified
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to a 2–3 times change in the cluster area Acluster compared 
with the average area, and a similar change in the estimated 
NCL values. Here, we report an improved way of estimate 
which does not require knowledge of the cluster diameter 
but only of the total cluster number and of the total number 
of HGFR molecule signals within the cluster.

To obtain this second estimate for NCL, for each condi-
tion, the total number of several thousand HGFR molecules 
Ntot detected in the clusters was counted on the basis of 
the individual molecule positions by an automated image 
analysis procedure. This number was combined with the 
total number of clusters ncluster obtained under a special 
condition. The values for ncluster were also identified by an 
automated procedure (Wang et al. 2014). To obtain by this 
method an estimate for the number NCL of HGFR molecule 
signals/cluster, for each treatment and incubation time, 
Ntot was divided by ncluster: NCL = Ntot/ncluster. The result is 
shown in Table 1.

As a result, for the mean number NCl of HGFR signals 
per individual cluster in all the 240 cells measured under 
12 different conditions, containing a total of 44,304 clus-
ters with a total of 231,659 molecule signals in these clus-
ters, the value NCL =  5.2 ±  0.5 HGFR molecule signals/
cluster was obtained. This second estimate is very similar 
to the first estimate obtained from the protein densities and 
the average cluster size (5–6 HGFR molecule signals per 
cluster); however, since in the second estimate, only the 
cluster number ncluster and the molecule signal numbers Ntot 
in the clusters were used and not the cluster size dcluster, the 
value NCl = 5.2 ± 0.5 HGFR molecule signals/cluster may 
be regarded more reliable; on the other side, the surpris-
ingly good coincidence between the two different ways to 
estimate the number of HGFR signals/cluster suggests that 
the value derived for the average cluster size (54 nm Ø) is 
reliable.

SPDM of viral protein expression

The importance of CD8 T-cells for the control of cytomeg-
alovirus (CMV) infection has raised interest in the identi-
fication of immunogenic viral proteins as candidates for 
immunotherapy. The 36.5 kDa gene product of the murine 
cytomegalovirus (mCMV) ORF m164 (Holtappels et  al. 
2002a, b) is indicative of such a protein. Protein gp36.5/
m164 has been identified as an integral type-I membrane 
glycoprotein with exceptional intercellular trafficking 
dynamics, moving along the outer nuclear membrane and 
within the endoplasmic reticulum (ER) with high lateral 
membrane motility (Däubner et  al. 2010). Vector pEYFP-
m164, encoding the mCMV glycoprotein gp36.5/m164 
fused to eYFP (enhanced yellow fluorescent protein), was 
transiently transfected into COS-7 cells. After transfec-
tion, the accumulations of gp36.5/m164 were represented 

by SPDM on the nanoscale and displayed different protein 
density distributions in the diverse structural cytoplasmic 
and membrane associated regions (Müller et  al. 2014). In 
contrast to wide-field images, the SPDM images allow a 
single-molecule resolution of the protein assembly that can 
contribute to the identification of immunogenic viral pro-
teins as candidates for vaccination and cytoimmunotherapy.

Figure  5 gives an example for the SPDM ‘nanoimag-
ing’ of the expression of the eYFP-tagged viral glycopro-
tein gp36.5/m164 in COS-7 cells. While the conventional 
wide-field fluorescence image indicates a heterogeneous 
distribution of the expressed proteins in the cytoplasm, due 
to an insufficient resolution it prevents any more detailed 
analysis; as the inserts demonstrate, it precludes any possi-
bility to resolve the proteins individually. The SPDM image 
of the same cell, however, shows a substantially enhanced 
resolution and demonstrates different arrangements of the 
gp36.5/m164 proteins. The magnification of the inserts in 
the SPDM image (at the same sites as the inserts in the 
wide-field image) shows this in more detail. To better high-
light the differently shaped arrangements and to provide an 
idea for the optical (two-point) resolution obtained, in this 
SPDM image the individual molecule signals were blurred 
with the localization accuracy. For a detailed quantitative 
evaluation of the single-molecule positions and structural 
interpretation measured with the SPDM method, see (Mül-
ler et al. 2014).

Discussion

Since its introduction in the 1990s, superresolution light 
microscopy (‘nanoscopy’) of biostructures has found an 
ever broadening field of applications in cell biology. The 
respective methods offer, however, also highly interesting 
opportunities in virology, for understanding mechanistic 
details of virus-host interactions as well as for exploit-
ing virus-derived nanoparticles in novel technologies and 
devices. Here, we concentrate on some aspects made pos-
sible by the introduction of localization microscopy tech-
niques. In this discussion, we focus on perspectives in both 

Table 1   Mean number NCl of HGFR signals per individual cluster

NCL  =  (Total number Ntot of HGFR signals detected in the clus-
ter detected for a specific treatment)/(total number ncluster of cluster 
detected for a specific treatment) (total no. of cells: 240, each condi-
tion 20 cells). Original data

Control Ligand (HGF) Virus infection

5 min 18,865/3,683 = 5.1 14,254/2,902 = 4.9 26,697/4,417 = 6.0

10 min 21,539/4,181 = 5.2 22,787/4,237 = 5.4 22,788/4,448 = 5.1

15 min 14,494/2,975 = 4.9 20,262/3,941 = 5.1 19,751/3,841 = 5.1

10 min 9,364/2,119 = 4.4 16,440/3,644 = 4.5 24,417/3,916 = 6.2
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molecular virology and virus-deduced tools as suggested 
by our present experience in SPDM; we anticipate, how-
ever, that similar applications will be possible also by other 
localization microscopy techniques.

Perspective 1: ‘Nanoimaging’ of virus‑cell membrane 
interaction

Recently, localization microscopy methods have been 
used in virological research to study the attachment of 
HIV particles to the cell membrane (Muranyi et al. 2013). 
For this, a dSTORM (direct stochastic optical reconstruc-
tion microscopy) technique was applied (Heilemann et al. 
2008), which is related but not identical to the SPDM-based 
localization microscopy approach described in this report 
(for further discussion, see Cremer and Masters 2013). The 
experimental results reported here indicate that SPDM is 
also a suitable technique to study the attachment of viruses 
to the cell membrane. In contrast to the HIV studies men-
tioned, we concentrated on the influenza virus (IAV), 
another virus of global health importance. The results indi-
cate that it is possible to identify and hence count the IAV 
particles along the cell membrane. With an appropriate 
localization accuracy, also functionally induced heteroge-
neities in the spatial distribution of the IAV coat proteins 
will be accessible to quantitative measurements. Using dual 
color SPDM (Gunkel et  al. 2009; Cremer et  al. 2011), it 
should be possible to distinguish between virus and mem-
brane proteins, and thus be able to measure virus-mem-
brane distances with an accuracy of few nanometer. It may 

be noted that in this case, relevant information on virus-
membrane interaction would already be obtained by a ‘two 
color’ SPDM technique where only the distance between 
the bary center (fluorescence intensity centroid) of the 
protein coat (‘color’ A) of an individual virus and an indi-
vidual membrane receptor protein (‘color’ B) is measured: 
For example, in the case of a spherical virus with a diam-
eter of 120 nm, such a ‘two color’ SPDM distance would 
be expected to be in the range of 60–70  nm. Such meas-
urements would require a two-point resolution and hence 
a localization accuracy in the range of few tens of nm (i.e., 
two signals A, B detected within an area of ~200 nm would 
already be sufficient) but not a high structural resolution 
(i.e., multiple molecule positions discriminated within an 
area of ~200 nm). Such ‘two color’ SPDM measurements 
can be performed also with photostable fluorophores, i.e., 
they do not require photoswitching (Esa et al. 2000, 2001; 
Rauch et al. 2008). This highly facilitates the possibility to 
perform such studies even in the living cell. Compared with 
FRET measurements (Fluorescence Resonance Energy 
Transfer) with a maximal interaction distance of 10 nm, the 
‘two color’ SPDM measurements would allow to measure 
also larger distances between virus and membrane.

Localization microscopy may also be used to obtain an 
improved mechanistic view of the details of interactions 
between virus particles attached to the membrane and spe-
cific receptor protein clusters on or within the membrane. 
To highlight this possibility, as an example, we investigated 
by SPDM the spatial distribution of HGFR proteins on 
the membrane of IAV-infected human lung cells. Previous 

Fig. 5   Expression of viral proteins by localization microscopy: 
SPDM images of eYFP-tagged gp36.5/m164 proteins in COS-7 cells. 
a Conventional wide-field fluorescence image (EPI); b SPDM image; 
Insets Magnification of three sections of the wide-field image (1b, 2b, 

3b) and of the identical sections in the SPDM image (1a, 2a, 3a). In 
the SPDM image and inserts, the individual fluorescent signals were 
blurred with the individual localization accuracy. From Cremer et al. 
(2011)
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findings (Wang et al. 2014) had already indicated that the 
size of the HGFR clusters was not affected by the virus 
infection to a larger degree: In both IAV-infected and non-
infected cells, the diameter of the HGFR clusters was about 
50  nm; since this was close to the size resolution limit 
of these SPDM measurements, it is still possible that an 
enhanced resolution will reveal differences. In any case, if 
such differences in cluster size between infected and non-
infected cells exist, they are expected to be smaller than a 
few tens of nanometer.

In this report, additional data were presented on the 
relative number of individual HGFR molecules counted in 
these clusters. This was done by dividing the total number 
of molecule signals within the clusters by the total number 
of clusters detected for a given treatment. In this way, any 
dependence on the cluster size itself as used in the previous 
estimate by Wang et al. (2014) was eliminated. The results 
confirmed in a direct way that the number of molecules 
in the HGFR clusters is very similar in both IAV-infected 
and non-infected cells, suggesting the formation of specific 
complexes.

Perspective 2: Expression of viral genes

To replicate, after infection of the host cell, viruses have 
to uncoat and express proteins; in addition, viruses might 
be used in gene therapy once appropriate vectors can be 
found. In both cases, it is highly desirable to determine 
quantitatively the expression and intracellular distribution 
of specific virus-encoded proteins on the single-cell level. 
To indicate the suitability of SPDM to perform such expres-
sion studies, in this report, SPDM images of cells have 
been presented with the expression of virus eYFP-tagged 
glycoprotein gp36.5/m164. While conventional wide-field 
microscopy was not suitable to resolve the virus-encoded 
glycoproteins expressed, SPDM revealed their spatial dis-
tribution inside the cell on the molecular scale. A more 
detailed quantitative analysis of the SPDM expression data 
is given in an accompanying paper (Müller et al. 2014). It 
is anticipated that localization microscopy will become a 
valuable technique to complement bulk measurements of 
virus-encoded protein expression on the level of individ-
ual molecules in specific intracellular regions (e.g., mem-
brane, endoplasmic reticulum, nucleus) of individual cells 
at unprecedented resolution. This will allow us to obtain a 
more detailed idea of the heterogeneity of virus-encoded 
expression, e.g., in individual cells in a tissue section.

Perspective 3: Optimization of (plant‑) virus‑based 
nanotools and biodetection devices

While derivatives of mammalian viruses are currently 
being developed into vectors, e.g., for gene delivery or 

vaccination, bacteriophages and especially robust plant 
viruses contribute rapidly emerging building blocks to novel 
biohybrid nanodevices and functional ‘smart’ materials. 
Both native as well as modified plant viruses and virus-like 
particles are multivalent nanoscaffolds, exposing a multi-
tude of precisely ordered functional groups on outer and/or 
inner protein surfaces. Various particle shapes are available, 
ranging from spherical nanocontainers to flexible or stiff 
filaments or tubes, respectively, which can be harvested in 
high amounts from plants and, in some cases, from heter-
ologous expression systems. Numerous applications as high 
surface area nanobiotemplates, e.g., for the directed depo-
sition of functional inorganic and organic compounds seem 
realistic, e. g., in energy-converting, electronic and optical 
devices (for an overview, see, e.g., Alonso et al. 2013; Lee 
et al. 2012; Steinmetz and Manchester 2011).

Since plant virus-based nanoscaffolds are non-pathogenic 
for any warm-blooded animal, the use of non-denaturated 
virus-derived structures for the high density presentation of 
complex functions such as antibodies, enzymes and effec-
tor proteins is attracting increasing attention as well, since 
it offers novel routes toward the directed integration of bio-
functionalities into miniaturized biodetection and even cata-
lytic devices. Furthermore, it allows the combination of dif-
ferent functions on and in single nanosized carriers, which 
is extensively analyzed to achieve targeted biocompatible 
imaging and concomitant drug delivery, e.g., to tumor tis-
sues or thrombotic veins (for a recent overview, refer, e.g., 
to Bittner et al. 2013). Several applications demanding for 
concerted protein actions or the combinatorial presence of 
diverse active units can profit from an ordered presentation 
of the respective functions on the nanoscale, i.e., from an 
installation of cooperating proteins and putatively additional 
molecules on pre-determined domains of viral backbones 
(Cardinale et al. 2012; Geiger et al. 2013).

For all these approaches making use of selectively 
addressable sites on viral protein shells, outside or inside 
technical devices or mammalian cells, ‘nanoscopy’ may 
serve as a powerful novel tool allowing an unprecedentedly 
efficient characterization of the composite virus-scaffolded 
effector architectures. Currently, high-resolution analyses 
of viral hybrid nanoparticle preparations frequently suf-
fer from preparation conditions if electron microscopical 
methods are applied, abolishing functionality of reporter, 
catalytic or recognition elements exposed on viral tem-
plates. The ambient conditions compatible with SPDM and 
related techniques are a major advantage in this context, 
and thus may lead to high-resolution studies not only of the 
patterns of virus template-immobilized active molecules, 
but even on their putative collaborative activities if result-
ing in the formation of fluorescent products in situ. Differ-
ent from near-field techniques such as apertureless scanning 
near-field optical microscopy (aSNOM) recently established 
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successfully for high-resolution topography analyses of 
fluorescently labeled TMV (Harder et  al. 2013), the wide-
field mode of operation adds special advantages: It may pro-
vide a reliable representative overview of large amounts of 
nanoparticles within applicable formulations, with respect 
to their homogeneity and aggregation state, as demonstrated 
above. Finally, if applied to a technical substrate equipped 
with virus-exposed functional units at pre-selected sites 
(Blum et al. 2011; Mueller et al. 2011; Azucena et al. 2012), 
SPDM and other ‘nanoscopy’ variants can provide both 
functional and positional information on extended areas 
simultaneously, which may speed up the development of 
advanced biohybrid chips employing viral adapter templates 
for complex functionalities, e.g., in the ultrasensitive detec-
tion of hormones or toxic compounds in medicine, environ-
mental monitoring or foodstuff inspection.

Perspective 4: Identification of viruses by oligonucleotide 
labeling

Every year, hundreds of millions of women and men are 
infected by various types of viruses; several millions of 
them die each year by such infections; hence, it is impor-
tant to develop fast methods to identify specific virus types, 
not only within cells but also in the environment, including 
public buildings, schools, hospitals. Important virus types 
to be monitored include a variety of influenza and onco-
genic viruses. For example, it should be highly useful to 
develop more sensitive tests for human papilloma viruses. 
Another example would be the improved control of food 
for the presence of noroviruses. Although PCR (polymer-
ase chain reaction) techniques offer efficient ways to detect 
the presence of specific types of viruses, it is still difficult 
to map with a high spatial resolution in an economical, 
direct and highly quantitative way the presence and aggre-
gation state of certain viruses in specific cells (e.g., in can-
cer tissue), or in environmental ‘hot spots’. As an example, 
the SPDM images of TMV and IAV particles presented in 
this report indicate that—provided appropriate fluorescence 
labeling—such viruses and their aggregation status can be 
ascertained directly by localization microscopy. In princi-
ple, localization microscopy should allow us to detect an 
individual virus particle in a single cell.

In the SPDM images of viruses shown, coat proteins 
were fluorescently labeled, either by using antibodies, or 
by direct labeling using a click chemistry technique. In the 
following, we describe the concept of an additional way 
of fluorescence labeling, which will allow us to identify 
by localization microscopy/SPDM a large number of viral 
particles of the same shape but with differences in their 
genome sequences.

For clarification of the concept, let us assume that a 
variety of closely adjacent virus particles of similar shape 

(e.g., spherical, around 50–100 nm diameter) but with dif-
ferences in their genome sequence has to be identified. For 
simplicity of argument, we assume that all these genomes 
have a single-stranded RNA/DNA with a length of about 
10–15  kb. Medically important viruses of this class are, 
e.g., HIV, HPV, Influenza A, or Hepatitis C viruses. Various 
strains of these viruses might be present; hence, in the end, 
multiple viral genomes have to be identified on the single 
virus level at a given location, and the number of each type 
and its aggregation state has to be determined. For this, it 
should be possible to use SPDM (or another suitable locali-
zation microscopy technique) after labeling with combi-
natorial oligonucleotide fluorescence in situ hybridization 
(COMBO-FISH) (Grossmann et al. 2010; Hausmann et al. 
2003) or related methods like oligonucleotide painting 
(Beliveau et al. 2012) to distinguish the various virus par-
ticles from each other. For example, N types of virus par-
ticles with differences in their sequence have to be distin-
guished by COMBO-FISH and SPDM from each other. In 
this labeling scheme, combinations of n different reporter 
molecule types have to be identified which can be distin-
guished by their fluorescence behavior.

Generally, with n reporter molecule types, N = 2n − 1 
different viral sequences should be distinguishable by com-
binatorial labeling, in a way analogous to combinatorial 
chromosome painting (Cremer and Cremer 2001; Bolzer 
et  al. 2005). While stochastic blinking by itself is a very 
useful tool to localize single molecules, additional dif-
ferences in the ‘spectral signature’ are required to further 
identify the blinking molecule types independently from 
each other. For this, differences in the absorption/emission 
spectrum or in the fluorescence life time may be used (for 
simplicity called ‘color’ in the following). In many cases, 
it should even be sufficient to perform the localization 
microscopy/SPDM-based identification using combina-
tions of photostable reporter molecule types alone (Cre-
mer et al. 1999; Esa et al. 2000, 2001; Rauch et al. 2000, 
2008; Heilemann et al. 2002). This latter approach should 
allow the use of sufficiently low illumination intensities 
to make possible also in vivo studies. As an example for 
SPDM-based virus identification, 7 different virus types 
have to be distinguished by COMBO-FISH. For this, let us 
assume that virus type #1 contains a sequence difference s1 
(e.g., with a total labeled length hundred nucleotides); virus 
type #2 contains another sequence difference s2 of simi-
lar length, etc. Then, e.g., a set S1 of three oligonucleotide 
sequences of 30 nucleotides (nt) each tagged with ‘color’ 
A is synthesized to be complementary to sequence s1; a 
second set S2 of three oligonucleotide sequences of 30 nt 
each (different from s1) tagged with ‘color’ B is synthe-
sized to be complementary to sequence s2; a third set S3 of 
three oligonucleotide sequences of 30 nt each tagged with 
‘color’ C is synthesized to be complementary to sequence 
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s3 (different from s1 and s2); a set S4 contains three oli-
gonucleotide sequences (different from s1–s3), one labeled 
with ‘color’ A and one labeled with color B, etc. A mixture 
of the synthesized, fluorescent-labeled oligonucleotides 
is then hybridized to the virus specimen, and localization 
microscopy/SPDM is performed.

Figure 6 shows a graphical representation of this com-
binatorial approach for n = 3 ‘colors’. With n = 7 ‘colors’, 
it would be possible to identify 27–1 = 127 different types 
of viruses; with n  =  10 ‘colors’ (Dempsey et  al. 2011; 
Herzenberg et  al. 2002), already 210–1  =  1,023 differ-
ent virus types would be distinguishable by localization 
microscopy/SPDM and COMBO-FISH.

In the example indicated in Fig. 6 for n = 3 ‘colors’, it 
was assumed that the distance between the viruses is too 
small to allow the identification of the individual particles 
by conventional fluorescence microscopy (optical resolu-
tion ~200 nm). In case of low virus density (i.e., the dis-
tances are sufficiently large), also standard fluorescence 
microscopy might be used. However, in cases where a 
low virus density cannot be predicted safely, localization 
microscopy/SPDM-based approaches are expected to be 
more reliable. In addition, the use of COMBO-FISH-based 
localization microscopy/SPDM might be most advanta-
geous even in the case of low virus density, if the viruses 
have to be identified within cellular structures: In this 
case, due to cellular background fluorescence, the limits 
of detection sensitivity of DNA/RNA sequences are typi-
cally in the range of several hundred bp to several kpb for 
one ‘color’. Thus, due to the relatively small total sequence 

length of many virus types, it will be difficult to obtain suf-
ficient signal strength for the required ‘multi-color’ labeling 
(e.g. n = 7).

It may be noted that instead of using a combinatorial 
labeling scheme for DNA/RNA, a similar combinatorial 
labeling scheme might also be applied for the coat pro-
teins (Cremer et al. 2003). For example, if a virus type 1 is 
characterized by a coat protein 1, a virus type 2 by a coat 
protein 2, a virus type 3 by a coat protein 3, etc., for identi-
fication of the viruses, one might use a mixture containing 
antibodies 1 against protein 1 (virus 1) tagged with ‘color’ 
A; antibodies 2 against protein 2 (virus 2) tagged with 
color 2; the antibodies against protein 3 might consist of 
a mixture of antibodies 3 with 50 % tagged with color A 
and 50 % tagged with color B. As a consequence, viruses 1 
are labeled A, viruses 2 are labeled B; viruses 3 are labeled 
A/B; for multicolor labeling, the same combinatorial rules 
apply like those described above for DNA/RNA sequences. 
The advantages of localization microscopy/SPDM for virus 
identification by combinatorial coat labeling are also analo-
gous to those discussed above.

To summarize, localization microscopy methods are 
expected to contribute substantially to an improved mecha-
nistic understanding of viral infection, cellular production 
and release, and hence highly facilitate the development of 
novel approaches to prevention and therapy. Furthermore, it 
is anticipated that they will complement present techniques 
of electron microscopy and molecular biology to identify 
viruses in specific infected cells, e.g., inside tissue sec-
tions; eventually, COMBO-FISH-based multicolor locali-
zation microscopy techniques might even be used to detect, 
identify and count viruses at ‘hot spots’ in the environment 
(e.g., in a hospital, in sites open to the public, or in food), 
as an alternative to PCR techniques. Finally, they are ide-
ally suited to promote the development of virus-scaffolded 
multifunctional nanomaterials and devices, for which 
numerous fields of applications are arising.
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