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Abstract Far-field fluorescence techniques based on the
precise determination of object positions have the potential
to circumvent the optical resolution limit of direct imaging
given by diffraction theory. In order to use localization to
obtain structural information far below the diffraction limit,
the ‘point-like’ components of the structure have to be de-
tected independently, even if their distance is lower than
the conventional optical resolution limit. This goal can be
achieved by exploiting various photo-physical properties of
the fluorescence labeling (‘spectral signatures’). In first ex-
periments, spectral precision distance microscopy/spectral
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position determination microscopy (SPDM) was limited to a
relatively small number of components to be resolved within
the observation volume. Recently, the introduction of photo-
convertable molecules has dramatically increased the num-
ber of components which can be independently localized.
Here, we present an extension of the SPDM concept, ex-
ploiting the novel spectral signature offered by reversible
photobleaching of fluorescent proteins. In combination with
spatially modulated illumination (SMI) microscopy, at the
present stage, we have achieved an estimated effective op-
tical resolution of approximately 20 nm in the lateral and
50 nm in the axial direction, or about 1/25th–1/10th of the
exciting wavelength.
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1 Introduction

While electron microscopy and other ultra-structure imag-
ing methods based on ionizing radiation have the great
advantage of an unprecedented resolution, ‘visible’ light
(range from near ultraviolet to near infrared) offers other
advantages, such as identification of multiple types of ap-
propriately labeled molecules in single, three-dimensionally
(3D) intact cells, and even in living ones. Thus, it should be
highly useful to complement the potential of ionizing radi-
ation imaging procedures for the study of biological nanos-
tructures with novel approaches to perform high-resolution
microscopy using visible light. Potential applications of this
are in examining the nanostructure of cell membranes or the
genome nanostructures of the cell nucleus [1].

For example, fluorescence resonance energy transfer
(FRET) microscopy allows distance measurements between
two molecule types down to the few-nanometer level, using
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visible light for excitation [2]; fluorescence correlation spec-
troscopy (FCS) or fluorescence recovery after photobleach-
ing (FRAP) [3] make the analysis of intracellular mobilities
of labeled molecules possible. For a full understanding of
functional cellular processes, however, additional structural
information is necessary. To solve these and many other im-
portant problems of cell biology and cellular biophysics,
appropriate spatial analysis is indispensable. A serious prob-
lem in achieving this goal is that conventional light optical
resolution is limited to about 200 nm laterally and 600 nm
axially, meaning that cellular nanostructures cannot be ade-
quately resolved to provide full functional information.

Various recently introduced laser-optical ‘nanoscopy’ ap-
proaches permit to overcome this problem, and to extend the
spatial analysis far beyond the ‘Abbe/Rayleigh limit’ of op-
tical resolution (here assumed to correspond in the object
plane (x, y) to about half the wavelength used, according to
the original formulas, and to about one wavelength in the
direction of the optical axis (z)).

For example, in the concept of confocal laser scanning
fluorescence 4Pi microscopy the object is scanned by laser
light focused from different sides (‘4Pi’ geometry) and the
fluorescence excited is detected ‘point-by-point’ [4]. Using
two opposing high numerical aperture lenses to concentrate
two coherent opposing laser beams in a joint focus, confocal
laser scanning 4Pi microscopy [5–9] has become an estab-
lished ‘nanoscopy’ method, allowing an axial optical reso-
lution down to the 100-nm range. Compared to the results of
conventional fluorescence microscopy methods, this resolu-
tion is 5–7 times better.

In many imaging applications, the structural informa-
tion desired is the size of nanostructures which are sepa-
rated from each other by a distance larger than the Abbe
limit. To solve this problem, spatially modulated illumina-
tion (SMI) far field light microscopy [10–13] is one of the
many possibilities for using structured illumination [14, 53–
55] to improve spatial analysis. SMI microscopy is based on
the creation of a standing wave field of laser light, which
can be realized in various ways, such as by focusing coher-
ent light into the back focal planes of two opposing objec-
tive lenses. The fluorescently labeled object is placed be-
tween the two lenses and moved axially in small steps (e.g.
20 nm or 40 nm) through the standing wave field. At each
step, the emitted fluorescence is registered by a highly sen-
sitive CCD camera. This procedure allowed axial diame-
ter measurements of individual fluorescent subwavelength-
sized objects down to a few tens of nm, and also the deter-
mination of axial distances between ‘point-like’ fluorescent
objects (at lateral distances larger than the Abbe limit) down
to the range of a few tens of nm and with a precision in the 1-
nm range. Several biophysical application examples indicate
the usefulness of SMI ‘nanoscopy’ for the study of the size
of transcription factories [15] and of individual gene regions
[16, 17].

Stimulated emission depletion (STED) microscopy [18]
is a focused beam method, in which the size of the ex-
cited region is greatly reduced by stimulated emission de-
pletion [19]. Presently, this technique allows an optical lat-
eral (x, y) resolution in the 15–20 nm range using visi-
ble light. In cases where the field of view can be made
sufficiently small (in the few-micrometer range), in vivo
STED microscopy with tens of frames/s has been reported.
STED microscopy can be regarded as a special case of
RESOLFT (reversible saturable optical fluorescence tran-
sition microscopy) where, in principle, optical resolution
in the few-nm range should become possible using visible
light [20].

In this report, we shall describe an complementary ap-
proach in achieving molecular resolution using spectral pre-
cision distance microscopy/spectral position determination
microscopy (SPDM).

SPDM [21–24] is a far-field fluorescence light mi-
croscopy method based on (a) labeling of neighboring
‘point-like’ objects with different spectral signatures (for
abbreviation also called ‘colors’), where ‘different spec-
tral signatures’ were realized originally by different exci-
tation/emission spectra, but were conceived to include also
other ‘photon-sorting’ modes like fluorescence lifetimes,
photoluminescence and stochastic labeling schemes [25] to
allow photophysical discrimination; (b) spectrally selective
registration to ‘sort’ the emitted photons according to their
spectral signature; (c) high-precision position monitoring.
In combination with fluorescence lifetime measurements,
the application of the SPDM concept to nanometer reso-
lution of single molecules was experimentally confirmed
[26]. Since the original reports [21–29] a number of con-
ceptually related far-field fluorescence methods have been
described, like FPALM, PALM, PALMIRA, STORM, etc.
[30–35]. As a general denomination, all these approaches
might be regarded as methods of ‘spectrally assigned local-
ization microscopy’ (SALM), where the localization of an
object is assigned due to a characteristic spectral signature.
The basic condition of SPDM/SALM is ‘optical isolation’
[27, 28]. This means that in a given diffraction-limited ob-
servation volume defined for example by the (x, y, z) full-
width-at-half-maximum (FWHM) of the point spread func-
tion (PSF) of the microscope system used, at a given time
interval and for a given spectral registration mode, only
one such object (e.g. a single molecule) is registered (un-
der certain conditions there may be a few [25]). During
the first experimental applications of SPDM to biological
nanostructure elucidation [29, 36], the objects were labeled
with fluorochrome molecules which had different emission
wavelengths, and the signals were acquired synchronously.
However, fluorescence emission spectra of selectable mole-
cules with typically 50-nm bandwidth are relatively broad.
As such, in fluorescence microscopy, the detectable wave-
lengths are limited to a complete range of about 600 nm, and
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only a few ‘colors’ (in the sense of variation in the emis-
sion spectra) can be used at the same time within the same
object.

To overcome this restriction, different methods of ‘opti-
cal object isolation’ in the time domain are currently used.
One possibility to overcome this is ‘photoactivated local-
ization microscopy’ [30, 31]. Molecules and proteins that
are used for this method are fluorescent markers which
are chemically modified (e.g. by adding appropriate side
groups) in such a way that most of them are initially in an
inactive state for the fluorescence excitation at a given wave-
length λexc. This state (i.e. a ‘dark’ spectral signature with
respect to a wavelength λfl1) can be changed to a fluores-
cent one (i.e. a ‘bright’ spectral signature with respect to
a wavelength λfl2), for example by illumination with light
of a defined wavelength λact (e.g. in the near ultraviolet)
which is different from the one of fluorescence excitation.
If the activation of the fluorescent markers (i.e. transition
from a ‘dark’ spectral signature to a ‘bright’ one) is done
stochastically by using low intensities, only a few molecules
within one acquisition time interval of the detector are acti-
vated, and thus the optical isolation of their signal can be
achieved. Due to subsequent illumination with λexc, the flu-
orescent signal emitted by these optically isolated molecules
(‘bright’ spectral signature) is then registered until they are
irreversibly bleached (i.e. irreversible transition to a ‘dark’
spectral signature). From these fluorescent signals, the po-
sitions of the corresponding molecules can be determined
with high precision. Under good optical conditions, a local-
ization accuracy in the few-nm range is possible. Repetition
of this procedure (e.g. by registration of 10 000 individual
image frames) allows to obtain the positions of the individ-
ual molecules even if their mutual distances are far below
the Abbe/Rayleigh limit. The photoactivation process at λact

and the use of a second laser line (λexc) can be avoided if an
auto-activation of the molecules by the read-out laser (λexc)
is used [33]. Instead of irreversible bleaching, reversible
photoswitching between a ‘dark’ and a ‘bright’ spectral sig-
nature can also be used to achieve optical isolation [32, 34].

Another possibility to obtain the optical isolation re-
quired may be reversible photobleaching [38]. Unlike the
usual bleaching effect used in PALM [30] or FPALM [31],
where the structure of fluorescent molecules is irreversibly
modified towards a non-fluorescent ‘dark’ spectral signa-
ture state (at given excitation/emission conditions), this
effect is a reversible one. The functional connection be-
tween the three fundamental states of a molecule under
these latter conditions may be described with the transi-

tions Mrbl
k2−→←−
k1

Mfl
k3−→ Mibl, wherein Mrbl is the reversibly

bleached state, Mfl is the fluorescent state and Mibl is the
irreversibly bleached state. The rate constants of the cross-

ing processes are indicated with ki (i = 1,2,3), where the
processes are assumed to be first-order reactions. The ra-
tio between the probabilities for reversible and irreversible
bleaching Prbl/Pibl can be significantly affected by physic-
ochemical modifications of the molecule due to its environ-
ment, or due to illumination with light of appropriate wave-
length (‘physicochemically modified fluorophores’). This
effect was well studied in the context of fluorescent protein
derivatives from the jellyfish Aequorea victoria [38–42]. Af-
ter starting to illuminate fluorescent molecules (Mfl) with
excitation light, a certain amount (dependent on Prbl) is

bleached instantly (Mfl
k3−→ Mibl). Another amount is trans-

ferred into the reversible dark state (Mfl
k2−→ Mrbl). We en-

visaged that the statistical recovery of fluorescent molecules
(‘bright’ spectral signature) from this state (Mrbl) and tran-
sition into an irreversibly bleached state of a ‘dark’ spectral
signature (Mibl), with a delay time sufficient for single flu-
orescent molecule registration, would allow an additional
possibility for optical isolation of single molecules in the
time domain. This would offer another approach to high-
resolution SPDM/SALM of the number and positions of
molecules (even of the same type) within a given obser-
vation volume.

To realize this, the condition has to be provided that
within the integration time of the detector, the density of
molecules with a ‘bright’ spectral signature (Mfl) should
not be higher than statistically one fluorescent molecule per
diffraction limited observation volume (given by the three-
dimensional PSF). Fast recovery and bleaching rates have to
be established since acquisition time is a very critical fac-
tor in localization microscopy, due to the up to thousands of
single image frames which may be required for a highly re-
solved SPDM/SALM image consisting of a large number of
localized molecules. To accelerate the read-out and bleach-
ing times, light of high intensity may have to be used. The
final image of the object is obtained when the positions of all
the localized molecules are copied into a joint SPDM image
space.

Although in various SALM methods the lateral (x, y) lo-
calization of single molecules (object plane perpendicular
to the optical axis) has been firmly established, the localiza-
tion (z) along the optical axis has proved to be challenging.
To obtain 3D reconstructions of the labeled objects (i.e. the
x, y, z coordinates of the fluorescently labeled molecules),
various approaches have been applied. One solution is to
use confocal laser scanning or confocal laser scanning 4Pi
microscopy [29, 36, 37, 43] to obtain the 3D positions of the
objects.

Another possibility is to use the 3D information within
the laterally acquired signal. Since all light-emitting mole-
cules are ‘point like’, one can assume that they all are im-
aged in the same way (disregarding spatial orientation ef-
fects of the molecules as producing aberrations in the few-
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nm range under the conditions used [44]). The fact that out-
of-focus objects appear more blurred, and that the PSF is
not symmetric along the optical axis [45], can be used to lo-
calize photon-emitting sources in all spatial dimensions. If
the propagation path of the electromagnetic waves is well
known, under otherwise ideal registration conditions the ac-
curacy of the axial localization (z) is restricted only by the
number of the photons detected [25, 50], analogous to lat-
eral localization (x, y) [28]. Using common photoactivat-
able or photoswitchable fluorophores in combination with
biplane detection [46], or a systematically modified detec-
tion PSF [34], a 3D localization accuracy of about 50–80 nm
FWHM was recently achieved.

SPDM in combination with spatially modulated illumi-
nation (SMI) along the optical axis is a further method
for use in performing 3D single-molecule localization and
corresponding 3D effective optical resolution. SMI mi-
croscopy allows the determination of the axial extension
(‘size’) of a fluorescently labeled nanostructure (at a given
x, y position) down to a minimum of a few tens of nm
[12, 13, 47]. For example, if the axial (z) extension dz of
such a nanostructure has been determined to be 30 nm, this
means that most of the molecules within this nanostruc-
ture have an axial distance from each other not exceeding
30 nm [11]. Consequently, the smallest resolvable axial dis-
tance (or z-resolution) would also be around 30 nm; if a sig-
nificant number of molecules would have a larger z-distance
from each other, this would lead to a broader axial (z) ex-
tension than measured. In addition, the mean axial localiza-
tion z0 of these molecules is corresponding to the relative
position of the axial SMI intensity distribution. From this
general idea, the following measuring approach was envis-
aged. Firstly, the localization z0 and the position interval dz

of the molecules around z0 and along the optical axis (z) are
determined for every single (x, y) pixel.

The smaller the axial extensions dz of the labeled nanos-
tructures are, the more precisely their markers (fluorescent
molecules) can be localized around z0 and along the op-
tical axis, and hence the better the axial effective optical
resolution will be (i.e. the smallest axial distance between
two labeled molecules which can be detected). For example,
if the lateral (x, y) localization accuracy is assumed to be
15 nm, and if the minimum measurable axial (z) extension
dz is assumed to be 30 nm, then a lateral distance between
molecules equal to or larger than about 35 nm should be
detectable; in the axial direction, if fluorescent molecules
would have a distance larger than 30 nm, this should be
detectable due the resulting broadening of the axial exten-
sion. From this, for this example an overall 3D resolution of
around 40 nm may be estimated.

2 Methods

2.1 Optical setup

To perform SPDM experiments with molecules subjected
to reversible photobleaching, we used an SMI microscope
setup (Fig. 1). For illumination, up to three laser sources are
available for λexc = 488 nm, 568 nm and 647 nm (Lexel
95-4, Lexel 95L-K and Lexel 95-K, Lexel Laser, USA) ex-
citation, which can be independently switched on and off
with shutters before being combined with dichroic mir-
rors (AHF Analysentechnik AG, Tübingen, Germany). The
three laser lines are directed into the collimator, consist-
ing of two achromates (Linos Photonics, Göttingen, Ger-
many) with 10 mm and 100 mm focal lengths, respectively,
to expand the beam to a diameter of approximately 20 mm.
The expanded laser beam is then split by a 50 : 50 beam
splitter (BS) (Edmund Optics, Karlsruhe, Germany), yield-
ing two coherent counterpropagating and collimated laser
beams which are focused into the back focal plane of two
opposing oil immersion objective lenses (Obj. 1 and Obj. 2)
(×100, NA = 1.4, Leica, Bensheim, Germany). This results
in two counterpropagating collimated laser beams. Interfer-
ence between these two beams produces a standing wave
field in the space between the two objective lenses, and
hence a cos2-shape distribution of the intensity along the
optical axis (z).

Samples may be prepared using ordinary object slides
(and/or cover slips) and are then placed between the two ob-
jective lenses and moved along the optical axis with a piezo-
electrical stage (Physik Instrumente, Karlsruhe, Germany),

Fig. 1 A schematic overview of the SMI setup used for the SPDM
experiments. The major improvement compared to a wide-field fluo-
rescence microscope is the structured illumination pattern in the form
of a standing wave field along the optical axis created between the two
objective lenses. This standing wave field permits accurate axial size
and position information to be obtained. A second detection path us-
ing the second objective and a further sensor can easily be established,
allowing either the detected photon number to be doubled, or biplanar
detection to be implemented whilst retaining the same in-plane signal
strength
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allowing 3D image stacks of the specimens to be recorded.
An additional piezo-electrical stage controlling the position
of a mounted mirror (Piezo Mirror) allows the relative phase
in the two interferometer arms to be varied in a controlled
way. The emission light from the fluorescently labeled target
regions, collected by the detection objective lens (Obj. 1), is
then separated from the excitation light by a dichroic mir-
ror (D1) (AHF Analysentechnik AG, Tübingen, Germany)
and focused by a tube lens (×1.0, Leica, Bensheim, Ger-
many) onto a highly sensitive 12-bit black-and-white CCD
camera (CCD, SensiCam QE, PCO Imaging, Kelheim, Ger-
many) for imaging. In front of the CCD chip, a blocking
filter (BF) in a filter wheel blocks any remaining excitation
light and, depending on filter selection, out-of-band fluores-
cence. Moreover, a white light emitting diode can be used
in transmission mode to locate the focal plane in order to
reduce bleaching of the dyes.

2.2 Data acquisition

The combination of SPDM/SMI methods for high-resolution
3D imaging described here depends on the use of two dif-
ferent acquisition processes, a SPDM localization image and
SMI analysis. First, SMI images were taken at low illumina-
tion intensities with negligible bleaching (typical intensity
of about 100 W/cm2 and camera integration time of 100 ms
per frame). For this, object and structured illumination were
moved relative to each other in discrete steps (�z) of typ-
ically 20–40 nm. In case the object was stationary and the
structured illumination was moved (by adjusting the piezo
mirror in Fig. 1), this was called a phase scan. Otherwise,
if the object itself was moved in the standing wave field (by
adjusting the piezo stage in Fig. 1), the process was called
an object scan. Each of these methods was found to allow us
to yield the desired axial information. After each scan step a
wide-field image was recorded by the CCD camera, and all
the images (about 200 for each object) were saved within a
data stack.

After the SMI mode registration was completed, data ac-
quisition for the two-dimensional (2D) SPDM localization
was performed at high laser intensities of about 10 kW/cm2–
1 MW/cm2; in this report, only one laser line (λexc =
488 nm) was used for all measurements. During the 2D
SPDM acquisition process the object was situated in the fo-
cal plane and no further object movement was necessary.
Applying frame rates of 10–18 fps, the individual wide-field
images (usually about 1000 to 3000 per object) were saved
in sequence within a time stack.

The region of interest was the same for the two acqui-
sition processes, and was usually set in the range of 100–
5000 µm2, depending on the structure of interest.

2.3 Evaluation

2D localization

After the data acquisition, the first evaluation step was 2D
SPDM localization. It is important to note that the source of
the acquired signal was a single ‘point-like’ molecule (i.e.
diameter � λexc). Hence, for the evaluation the knowledge
of how ‘point-like’ objects are imaged by the microscope
system was applied. Based on this knowledge, a model
function was fitted to the acquired signals, taking into ac-
count effects of data sampling (size and distance of pixels)
and the corresponding noise nature [28, 31, 48]. To use the
noise considerations of the fitting algorithm in an appropri-
ate way, a conversion from camera counts to photons had to
be performed. According to the manual of the CCD camera
used, in low-light mode the quantum efficiency for yellow
fluorescent protein (YFP) emission radiation between 490
and 560 nm is 64 ± 1% or 0.64 e−/photon. Since the ana-
log/digital (A/D) conversion factor in this high-gain mode
is 2 e−/count, the count number was multiplied by 2/0.64
photons/count = 3.13 photons/count.

For comparison, the fitting process was done using two
different implementations of the Levenburg–Marquardt al-
gorithm [47] with a Gaussian distribution f (x, y) of pho-
tons as a model function for the signal in the object plane:

f (x, y) = A exp

(
(x0 − x)2 + (y0 − y)2

2σ 2

)
+ B0

+ B1(x0 − x) + B2(y0 − y).

Here, x0 and y0 are the starting parameters for the position,
which were determined as the center of the segmented sig-
nal, A is the amplitude of the distribution and B0, B1 and B2

are parameters describing a linear background.
The first fitting algorithm was implemented in MatLab

(The MathWorks, Inc., www.mathworks.com). This algo-
rithm solves the weighted least squares problem considering
the known noise model of the signal acquisition (Gaussian
read-out noise of the detector combined with Poissonian
photon and conversion noise). The second algorithm is
‘leastsq’, a part of the python (www.python.org) module
‘SciPy.optimize.minpack’ (www.scipy.org). The origin of
the signal and, hence, the position of the source molecule
can be determined laterally (i.e. in the object plane) with
an accuracy (standard deviation) σlat of less than 5 nm
(‘localization accuracy’). Under the conditions used here,
localization errors resulting from the unknown orientation
of the molecules can be neglected [44]. Since the limit
of the localization accuracy can be estimated by the rela-
tion σlat ∼ λemission/[NA ∗ n

1/2
γ ], given the emission wave-

length λemission, the numerical aperture of the optics NA and
the number of detected photons nγ , the main limitation of
localization precision is the number of collected photons
[11, 25, 28, 31, 48, 52].

http://www.mathworks.com
http://www.python.org
http://www.scipy.org
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Fig. 2 Scheme of the 3D SPDM/SMI process. The object of interest
(a) is placed within a standing wave field along the optical axis (b). By
performing a phase scan (c) or an object scan (d), both the relative ax-
ial position z0 (e) and the axial extension dz (f) can be obtained from

the registered data The interpolated axial information (g) can then be
combined with the single-molecule positions of the 2D SPDM local-
ization, resulting in a 3D image with an effective 3D optical resolution
at the nanoscale (h)

3D localization

The principle of 3D localization is presented in Fig. 2.
An exemplary nanostructure of interest with x, y (lateral)
and z (axial) distribution is shown in Fig. 2a. All mole-
cules of the nanostructure at a given x, y position are as-
sumed to have an axial extension of less than approximately
130 nm (for example, dz ≈ 60 nm). In Fig. 2b, the struc-
ture is excited by a standing wave field. Either the stand-
ing wave field (phase scan, Fig. 2c) or the object (object
scan, Fig. 2d) is moved in equal steps (usually �z = 20–
40 nm). At each step the fluorescence emission is detected
and saved separately in one frame. All the frames then are
saved into a 3D data stack displaying the axial mean po-
sition z0 (Fig. 2e), which is obtained from the maximum of
the SMI intensity distribution in Fig. 2d. Evaluating the scan
data (phase scan or object scan data), the spatial extension
dz of the object (determined from the contrast in modula-
tion r = (max−min)/max, where max is the maximal in-
tensity and min the minimal intensity along the time axis
(corresponding to the z coordinate) can be obtained with a
precision of a few nanometers [10, 11, 13, 47]. In Fig. 2g,
the axial (z) data is merged for all pixels of the lateral (x, y)
region of interest. After the 2D localization process, the lat-
eral (x, y) positions of the single fluorophores are comple-
mented with the respective axial (z) information, resulting in
an SPDM image with, for example, 30 nm lateral effective
optical resolution (obtained from the x, y localization mea-
surements) and 40 nm axial effective optical resolution (ob-
tained from the z-extension measurements). If only one flu-
orophore with sufficient photostability is excited along the z

axis, its z position may be monitored by SMI with an accu-
racy even in the 1–2 nm range [13].

2.4 Sample preparation

As an application example for using high-resolution 3D
SPDM/SMI for imaging of biological nanostructures, the
plasma membrane of the human breast cancer cell line Cal-
51 was labeled with yellow fluorescent protein (YFP).

Cal-51 (DSMZ, Braunschweig) breast cancer cells of hu-
man origin were routinely cultivated in DMEM medium
supplemented with 10% FCS, 1% L-glutamine and 1% peni-
cillin/streptomycin at 37◦C and 5% CO2 in a humidified in-
cubator. The cells were then seeded onto 20 mm × 20 mm
cover slips and grown overnight at 37◦C and 5% CO2 in
a humidified incubator. Labeling of the plasma membrane
was performed by Organelle Lights (Invitrogen Corporation,
Carlsbad, USA) according to the manufacturer’s protocol.
The kit is based on genetically encoded fluorescent proteins
(YFP) fused to signal peptides that direct the fluorescent
markers to specific cellular compartments, in this case the
plasma membrane. Cellular delivery was achieved by the
BacMam technology, based on the baculovirus. The cells
were then incubated for 24 h at 37◦C and 5% CO2 in a hu-
midified incubator and subsequently fixed in 4% formalde-
hyde in PBS to stabilize the cellular structure. The transduc-
tion efficiency was about 60%.

The cells were mounted with ProLongGold antifade
reagent (Invitrogen). One drop of antifade reagent was
placed onto an object slide and the cover slip, with the cell
side down, was carefully lowered onto it. The slides were
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sealed with nail polish and stored at 4◦C in the dark until
usage.

3 Results

3.1 2D SPDM of biological nanostructures

As a first application example, the SPDM extension de-
scribed above was used for the 2D reconstruction of the dis-
tribution of membrane localized fluorescent proteins. Fig-
ures 3 and 4 show both conventional wide-field fluorescence
images and corresponding two-dimensional SPDM images
of such proteins in cellular plasma membrane protrusions.
Both images were acquired with the above-described SMI
microscope setup. Cells of the human breast cancer cell line
Cal-51 were labeled with yellow fluorescent protein (YFP).
During the SPDM imaging process, the YFP molecules were
subjected to an appropriate physical modification based on
reversible photobleaching as described in Sect. 1. In both
cases, the connection between a fluorescence-labeled cell

and one without marker proteins is shown. For smoother
appearance and to indicate the estimated mean localization
precision, the pixels (10-nm pixel size) corresponding to the
positions and number of the localized fluorescent proteins
were blurred via a Gaussian kernel with 15-nm standard de-
viation.

It may be noted that the (x, y) width of the finest struc-
tures resolved (cellular protrusions) in the SPDM images
amounted to about 50–60 nm. The number of collected pho-
tons per molecule distribution (Fig. 5) allowed us to estimate
the limiting localization accuracy due to photon statistics
(see Sect. 2.3) to be in the range of 6 nm; this was com-
patible with the experimental localization accuracy (Fig. 6)
of about 15 nm obtained by the fitting procedure. The to-
tal number of localized protein molecules in these examples
was 12 691 for the first (Fig. 3) and 6871 for the second Cal-
51 cell (Fig. 4), respectively. In both cases, the total data ac-
quisition time was about two and a half minutes while 2000
wide-field images were recorded at an average frame rate of
about 13 frames per second. The mean photon numbers per
molecule registered were about 1300 for the first and about

Fig. 3 Cellular plasma
membrane protrusions (arrow)
in a human Cal-51 cell
expressing membrane-localized
YFP. Large image and insert:
conventional wide-field image.
The high dynamic range of the
sensitive CCD camera permitted
both the labeled cell of interest
and its weakly auto-fluorescent
neighbor (N) to be visualized.
Right: high-resolution SPDM
image obtained from inset (left)

Fig. 4 A second example for
SPDM imaging of a Cal-51 cell
expressing YFP. In this case, no
localization signal was obtained
from the untransfected cell (N),
confirming that the technique
was indeed specific for the
fluorescence labeling applied.
Left-hand figures (large image
and insert) show the
conventional wide-field
fluorescence image. The image
at the right shows the SPDM
image of the wide-field image
presented in the inset in the
upper left
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Fig. 5 Histograms of the distributions of photon numbers registered per molecule for the two Cal-51 cells of Figs. 3 (left) and 4 (right). The mean
photon numbers estimated were 1361 for the left- and 1080 for the right-hand distribution

Fig. 6 Histogram of the estimated localization accuracy (pair-wise
mean value of x and y localization precision) for the Cal-51 cell
in Fig. 3. The overall mean value of the localization precision was
14.9 nm with a standard deviation of 3.9 nm. The total number of lo-
calized fluorochromes was 12 691

1100 for the second cell. The fitting procedure took an ad-
ditional 3 min using python and about 10 min in MatLab on
a single core of a conventional PC without the implemen-
tation of acceleration methods. The relevant values (photon
number, localization accuracy and the number of localized
molecules) were very similar throughout the whole series of
more than 100 SPDM images, which were acquired from
two specimens within a few days.

3.2 3D SPDM of experimental biological nanostructures

As a first example of 3D SPDM/SMI reconstruction, a Cal-
51 cell (plasma membrane labeled with physicochemically
modified YFP) was first imaged in wide-field mode with
spatially modulated illumination (cos2 intensity distribution
along the optical axis). The epi-fluorescence overview im-
age of the cell is shown in Fig. 7. The standing wave field
was then moved through the object space with a step size

Fig. 7 Overview epi-fluorescence image of the Cal-51 cell used for
3D SPDM. An arrow is pointing to the plasma membrane protrusions
examined, which are additionally presented in the lower left corner
with a higher zoom factor

�z = 25 nm for 5 µm (phase scan). The emission of the cel-
lular plasma membrane protrusions (see inset in Fig. 7) was
recorded for every �z step. Compared to the experimentally
effective wavelength (λexc/n ∼ 330 nm) and the accuracy of
the z-positioning of the piezo-actuator (4-nm standard de-
viation), this process corresponds to a large over-sampling.
However, since the total acquisition time was about 20 s,
there was no need to use larger step sizes or fewer steps.

By performing a single-dimension Fourier transforma-
tion along the time axis, and knowing the wavelength of the
light pattern (330 nm), the phase was determined for every
lateral (x, y) pixel of the stack. To obtain the position of the
emission center for every pixel, the phase was shifted by π/2
and multiplied with the wavelength of the modulated illumi-
nation. The result is shown in Fig. 8. To determine the ex-
tension dz of the object along the optical axis, the modified
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Fig. 8 The (x, y) pixels
indicate the mean z position (z0)
of the corresponding object
emission center (for
conventional wide-field image
see insert in Fig. 7). To obtain a
smooth transition between the
single pixels, the image was
resized by a bicubic
interpolation. The color bar
indicates the relative z0 position
in nanometers (nm). Higher
values indicate nearness to the
cover slip to which the cell was
attached

Fig. 9 Each (x, y) pixel represents the axial size of the structure of
Fig. 8 along the optical axis (z). Bicubic interpolation of the image
was used to obtain smooth transitions between single pixels. The color
bar indicates the modified modulation contrast (Rmod = Imin/Imax)

in percent (for Imin and Imax see Figs. 2c, d). Structure elements
with a small axial extension (∅) correspond to an object scan intensity

distribution (Fig. 2d) with a low modified modulation contrast (Rmod).
If the structure is supposed to be tube-like and homogeneously la-
beled, the following relations may be estimated for a cos2-shaped
standing wave field produced with 488-nm excitation light: Rmod =
10% ⇒ ∅ ≈ 50 nm, Rmod = 40% ⇒ ∅ ≈ 140 nm, Rmod = 70% ⇒ ∅ ≈
190 nm

modulation contrast Rmod(= Imin/Imax, see Fig. 2) was cal-
culated from the information stored in the SMI mode images
(Fig. 9). Using the Fourier domain, the amplitude and the
constant contingent of the modulation were directly deter-
mined after adjusting the zero level by subtracting the back-
ground. In the next step, the contrast image was correlated
with the corresponding structure sizes.

The next step after the analysis of axial positions z0

and extensions dz was 2D SPDM localization of the single
molecules in the same object. Then, the obtained 2D local-
ization image (x, y) data (Fig. 10) was combined with the
SMI (z0) position and size (axial extension dz) information.
For the SPDM/SMI 3D reconstruction, only the volume of
one plasma membrane protrusion (indicated by an arrow in
Fig. 10) was included in the calculations.

The result of the subsequent volume rendering with
Voxx (www.nephrology.iupui.edu/imaging/voxx/) is shown

in Fig. 11. As expected from visual inspection of Figs. 9
and 10, the protrusions are very small, both in x, y width
(minimum width �x about 55 nm) and in the z direction
(minimum �z about 50 nm). Hence, the structure of this
protrusion is compatible with that of a rod of about 3 µm in
length and approx. 50 nm in diameter.

4 Discussion

Various approaches for far-field fluorescence microscopy
have been described to overcome the limitations of conven-
tional light microscopy given by the Abbe/Rayleigh limit of
optical resolution.

The general idea to use different spectral characteristics
of the object to improve nanostructure analysis has been put
forward since the beginning of the 1980s [51, 52], based on

http://www.nephrology.iupui.edu/imaging/voxx/
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Fig. 10 2D SPDM localization step for SPDM/SMI 3D reconstruc-
tion. In total, the (x, y) positions of 4137 single molecules were deter-
mined and inserted into the pixel grid, which had an effective pixel size
of 5 nm. The pixels with the localized molecules were blurred with a
Gaussian kernel (standard deviation 10 nm)

Fig. 11 3D SPDM/SMI reconstruction of a human cancer cell protru-
sion (see Figs. 9 and 10). The volume rendering results are shown in
two different orientations

ideas used earlier in astronomy. However, to our knowledge
the extension of such basic concepts to far-field fluorescence
microscopy has been initiated only since the mid 1990s.

In this report, an extension of spectral precision distance
microscopy/spectral position determination nicroscopy
(SPDM) [27], a method of spectrally assigned localization
microscopy (SALM), was presented. This novel extension
of SPDM features the use of ‘conventional’ fluorescent pro-
teins, i.e. without the chemical modifications described for
PALM and FPALM applications [30, 31]. Since biological
specimens labeled with such fluorescent proteins are most
common, SPDM methods using such fluorophores have a
vast range of applications, including the potential for in vivo
measurements. The results described here indicate that sin-
gle molecule (x, y) localization accuracies below 10 nm are
possible not only for special photoactivatable fluorescent
proteins [30, 31] but also for ‘conventional’ ones. The typi-
cal data acquisition time achieved here was about 100 s, in

which an object area of up to 90 µm × 90 µm was recorded
and more than 100 000 molecules were localized (Lemmer
et al., private communication). Presently, the data process-
ing aspect of molecule localization and object reconstruc-
tion still takes time in the order of a few minutes. By us-
ing fast modern multi-core processors, calculations could be
carried out on-line during image acquisition. Hence, high-
throughput fluorescence imaging at molecular optical res-
olution applying visible light in combination with widely
used fluorophores becomes feasible.

In addition, a novel alternative has been presented in this
report for fast 3D imaging of biological nanostructures with
an effective 3D optical resolution (x, y, z) of single mole-
cules in the range of 50 nm, corresponding to about 1/10th of
the exciting wavelength. This has been achieved by a com-
bination of SPDM lateral (x, y) localization microscopy and
SMI axial size dz and mean position z0 determination. For
the application of this SPDM/SMI 3D imaging approach,
some a priori information about the labeled object is re-
quired. This condition however can be fulfilled for most
biological nanostructures to be analyzed. As an example,
membrane-associated proteins were used to elucidate the 3D
structure of small cellular protrusions. In the example ana-
lyzed, for the first time the rod-like 3D structure of such a
protrusion with a diameter of around 50 nm was elucidated
by a far-field fluorescence microscopy approach. Such an
almost ultra-structural 3D resolution would have been im-
possible to obtain by conventional confocal laser scanning
fluorescence microscopy.

In the present report, only one type of molecules (fluores-
cent proteins localized in the cell membrane) was imaged by
SPDM/SMI. For this, only one laser line was used for exci-
tation, and the emission was limited to a small wavelength
band. Thus, it should be possible to extend this method to
appropriate multicolor SPDM/SMI imaging with several ex-
citation wavelengths and appropriately discriminated emis-
sion spectra. In this case, however, chromatic aberrations
have to be considered. Using high-quality objective lenses,
these can still be as large as 50 nm in lateral (x, y) and
100 nm in axial (z) directions [37]. Therefore, special care
has to be taken in multicolor SPDM/SALM imaging to cor-
rect for these aberrations by appropriate in situ calibration
procedures [21, 26, 29, 36, 48, 49].

At the effective optical resolution levels of approx. 20 nm
laterally and 50 nm axially reported here, numerous applica-
tions in the structural elucidation of cellular nanostructures
are feasible. Examples for this are individual gene domains
in the genetically active and inactive states; environmentally
induced changes of chromatin nanostructure; size and nu-
clear distribution of replication factories and repair com-
plexes; nuclear pore complex distribution; arrangement of
polyribosomes; or the distribution of ion channels on the cell
membrane. An additional important application will be the
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possibility to count single molecules, e.g. on the cell mem-
brane, or RNA transcripts. Although the SPDM procedure
so far allows us to register only a part of all labeled mole-
cules, the numbers obtained are minimum absolute numbers.
For example, an SPDM count of 100 000 proteins in a cell
membrane (upper plus lower membranes) of approximately
20 µm × 20 µm × 2 = 800 µm2 would result in a mini-
mum mean absolute membrane density of 125 proteins/µm2,
or 1 protein/8000 nm2, or one protein in an area of 90 nm
×90 nm. Furthermore, it would allow us to assess the ho-
mogeneity of molecule distribution at a resolution level in
the macromolecular range. Numerous applications of such
molecule counting and distribution analysis may be envis-
aged, from ‘fundamental molecular biophysics’ to the effi-
ciency of pharmaceutical compounds’ transport across the
cell membrane.

In case sufficiently photostable fluorochromes with pho-
toconvertable ‘dark’ and ‘bright’ spectral signatures can be
used, from the point of view of SPDM/SMI microscopy
a further improvement of 3D effective resolution is antici-
pated. For example, if 5 000 to 10 000 photons could be reg-
istered from a single molecule, under otherwise ideal con-
ditions an axial (z0) localization accuracy of around 1 nm
would be expected [50]. To achieve also a 1-nm lateral (x, y)
localization accuracy with such photon numbers, in addition
to axially structured illumination, laterally structured illumi-
nation [14, 53–55] might be used. Such an improvement in
x, y, z localization would allow an effective optical 3D res-
olution in the 2-nm range, if the distance and orientation of
the fluorophores are known. Hence, this would make pos-
sible far-field light optical structural analyses even of the
components of macromolecular complexes in the interior
of cells. Some possible examples might be: single gene do-
mains; the replication factories responsible for the doubling
of the cellular DNA; the repair complexes responsible for
the repair of environmentally induced genome alterations;
the chromatin remodeling/silencing complexes responsible
for the expression-related modification of genome nanos-
tructure; the transcription factories allowing the ‘reading’
of the genetic code; the splicing factories processing the
transcribed RNA; the nuclear pore complexes controlling
the traffic between cell nucleus and the rest of the cell; the
ribosomes translating RNA into proteins; the proteasomes
controlling the decomposition of proteins; the ion channel
complexes controlling the transport of ions across the cell
membrane; or the cell junction complexes responsible for
formation of tissues.

To summarize, it is anticipated that SPDM/SALM and
other novel developments in laser-optical nanoscopy will
eventually bridge the gap in resolution between ultra-
structural methods (nm resolution) and visible light far field
microscopy (conventionally hundreds of nm resolution) in
such a way that the same cellular structure can be imaged at

almost similar (down to molecular) resolution. Such a ‘cor-
relative microscopy’ will provide an essential contribution
to a direct insight into the ‘machinery’ of life on the individ-
ual cell level, from the change in folding of the chromatin
fiber at the activation/silencing of a gene, to its transcription,
to the processing of the mRNA produced, to the transport to
the cytoplasm through the nuclear pores, to the translation
into proteins, to the assembly and disassembly of macro-
molecular complexes, up to the signal transduction at the
cell membrane and to cell-to-cell interactions. Beyond these
exciting prospects for the molecular biophysics of the cell, it
is anticipated that laser-optical nanoscopy methods will also
provide an additional valuable tool for the analysis of the
interaction of ‘biomolecular machines’ (BMMs) and phar-
maceutical drugs on the level of single cells/single BMMs.

SPDM/SALM far field fluorescence microscopy ap-
proaches are expected to have highly relevant application
perspectives not only in the biosciences and the physics of
biological structures but also in the material sciences: for
example, wherever a surface nanostructure has to be char-
acterized, and fluorescence labeling of surface molecules is
feasible, a fast light optical analysis would become possible
and thus complement the higher resolution but also more
time consuming elucidation by electron microscopy.
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