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Abstract: Despite the need for isotropic optical resolution in a growing 
number of applications, the majority of super-resolution fluorescence 
microscopy setups still do not attain an axial resolution comparable to that 
in the lateral dimensions. Three-dimensional (3D) nanoscopy 
implementations that employ only a single objective lens typically feature a 
trade-off between axial and lateral resolution. 4Pi arrangements, in which 
the sample is illuminated coherently through two opposing lenses, have 
proven their potential for rendering the resolution isotropic. However, 
instrument complexity due to a large number of alignment parameters has 
so far thwarted the dissemination of this approach. Here, we present a 4Pi-
STED setup combination, also called isoSTED nanoscope, where the STED 
and excitation beams are intrinsically co-aligned. A highly robust and 
convenient 4Pi cavity allows easy handling without the need for 
readjustments during imaging experiments. 

©2015 Optical Society of America 

OCIS codes: (170.2520) Fluorescence microscopy; (170.5810) Scanning 
microscopy; (180.6900) Three-dimensional microscopy; (100.6640) Superresolution. 
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1. Introduction

Far-field super-resolved fluorescence microscopy or, in short, nanoscopy has raised 
fluorescence imaging to a new level. While the spatial resolutions of methods including 
electron microscopy (EM), or scanning-probe microscopy, still surpass those of the optical 
far-field approaches, EM and scanning-probe techniques fail to provide imaging inside the 
volume of intact or living cells in three dimensions. Super-resolved far-field methods have the 
potential to realize non-destructive, three-dimensional imaging, with spatial resolution that is 
conceptually limited only by the size of the emitting fluorophores. Ongoing developments to 
fully deliver on this promise have opened the door to addressing research problems in 
structure and dynamics which could not be tackled with conventional diffraction-limited 
optical approaches. Especially for the imaging of biological samples, the invasiveness of 
electron microscopy sample preparation procedures is a severe problem. As a result, 
nanoscopy is continually growing in importance. 

Since the introduction of STimulated Emission Depletion (STED) microscopy [1,2] in 
1994, a growing number of nanoscopy methods have evolved. The underlying enabling 
concept of the various fluorescence nanoscopy methods is that they transiently prepare the 
fluorophores in (at least) two distinguishable states (typically fluorescence “on” and “off”). 
This allows one to tell fluorophores apart even if they are closer to each other than the 
distance set by the diffraction limit. The methods can be categorized into scanning approaches 
with coordinate-targeted readout, e.g. STED and Ground State Depletion (GSD) microscopy 
[3], and approaches with coordinate-stochastic readout that are typically realized in the wide-
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field, among them: STochastic Optical Reconstruction Microscopy (STORM), 
PhotoActivated Localization Microscopy (PALM) and Ground State Depletion microscopy 
followed by Individual Molecule Return (GSDIM), as reviewed in [4]. A popular version of 
the coordinate-targeted superresolution approach is to use a set of sequentially applied, 
rotated standing waves (structured illumination), which in combination with molecular state 
switching increases the resolution even further than non-switching methods [5–7]. 

In STED nanoscopy the diffraction limit is overcome by employing two laser beams to 
prepare only a subset of fluorophores within a diffraction-limited region in the fluorescent 
emissive “on”-state. The first beam excites fluorophores to the “on”-state while the second, 
so-called STED beam, effectively keeps fluorophores in their dark, non-fluorescent ground 
state (the “off”-state) by counteracting the excited state occupation through de-excitation by 
stimulated emission. The STED beam features an intensity zero at its center. Fluorescence 
emission from the periphery of the focus is therefore disallowed, and only fluorescence 
emitted by fluorophores which are at or very near this central zero is detected. This 
fluorescence then stems from “on”-state fluorophores within a significantly smaller region. 
The resolution of a STED nanoscope crucially depends on the details of the “on”-state-
confining STED beam profile, where the peak intensity bordering the zero determines the size 
of the region outside of which fluorophores are effectively switched off. The ultimate 
conceptual limit of resolution is the physical size of a single fluorophore itself, as the smallest 
entity for separation [8]. 

The majority of problems addressed by fluorescence microscopy are three-dimensional in 
nature. The aforementioned nanoscopy methods – in their basic implementations – however 
primarily yield better lateral resolution. In most cases, the resolution in the axial direction is 
left unaltered. A number of approaches to improve axial resolution employing a single 
objective lens exist [9–11], however, the best results have been achieved using 4Pi optics 
[12,13]. This is a configuration in which the sample is illuminated coherently through two 
opposing objective lenses to accomplish interference of the light in the focal plane, which is 
tantamount to focusing the light jointly through two lenses. The maximum of this interference 
pattern features a significantly narrowed axial full width at half maximum (FWHM) as 
compared to the single-lens focus [14]. Already without applying the state switching 
described above and thus rendering the approach diffraction-unlimited, the axial resolution 
can be improved 6-8 fold compared to confocal detection with a single lens. 4Pi-type systems 
have been used in widefield [15] as well as in laser scanning configurations [12,13,16], with 
different strategies to lower the influence of residual side-lobes. In combination with 
fluorophore state switching, resolution can be improved further, reaching isotropic effective 
point spread functions (PSFs) below 30 nm of FWHM in STED [17,18] and coordinate-
stochastic [19,20] versions. (Note that in all cases, the PSF describes the spatial probability 
distribution of the coordinates where a single emitter may have been positioned.) 

The combination of STED and 4Pi [21,22] (also developed as isoSTED [17,18]) 
microscopy is a very powerful technique, yielding the smallest effective PSF of all scanning 
nanoscopy setups demonstrated to date. However, the generation of a nanosized isotropic PSF 
comes at the price of additional system complexity: 4Pi optics require careful alignment with 
a large number of parameters in parallel, on top of the beam co-alignment needed for STED 
nanoscopy. In the initially realized setup design, two independent STED beams were 
implemented to reduce the effective PSF in the axial and lateral directions [17]. The setup 
presented here achieves isotropic super-resolution by means of a single STED laser. 

In an isoSTED configuration, the focal light fields for excitation and STED interfere in 
the common focus of two high numerical aperture (NA) objective lenses. For best 
performance, the emitted fluorescence light – collected by the objective lenses and 
recombined before reaching the detector – is brought to interference as well [13]. This 
configuration, called “type C”, further sharpens the PSF maxima along the axial direction and 
reduces sidelobes. To accomplish this configuration, the lateral and axial focus positions of 
the two objective lenses need to be aligned very precisely. Also, tilt of the two objective 
lenses with respect to each other needs to be minimized. In order to accomplish the 4Pi 
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alignment quickly and with ease, it is advantageous to decouple the different alignment 
parameters to the largest possible extent and to effect fine adjustments with the help of 
integrated piezo actuators. 

The overall alignment effort can be further reduced with the help of chromatic phase 
plates. It has been previously shown that STED setups can be simplified by means of a 
birefringent beam shaping device which modifies the polarization selectively across the 
STED beam [23]. Alternatively, a chromatically matched vortex phase plate can be used [24]. 
The application of the segmented birefringent chromatic wave plate (in short ‘easySTED 
phase plate’, SWP), has realized very good results in two-dimensional STED instruments 
[25], minimizing alignment efforts and facilitating routine measurements. To avoid molecular 
dipole effects, it is crucial to use the phase plate with circularly polarized light [26]. 

The illumination intensity patterns in the focal region – which jointly govern the PSF of 
the nanoscope – can be described with the help of an integral representation [27,28]. It 
becomes evident that high-aperture focusing lenses give rise to field components that are 
polarized parallel to the optical axis (z-polarization). For certain orientations of the fast axes 
for the single segments in the previously described birefringent device [23], these components 
can appear in the center of the doughnut-shaped beam (i.e. the zero is “filled up”), hindering 
its use for two-dimensional STED in those particular combinations. For single-lens STED this 
situation needs to be avoided by flipping the orientation of single segments (see details 
below). For isoSTED, by contrast, these z-polarized field components are very helpful, as 
they feature an additional phase shift of π. So, while the STED beam undergoes constructive 
interference in the focal-plane crest of the doughnut, the z-polarized components interfere 
destructively at the focal center, with intensity present above and below the focus. This way, 
the STED illumination exhibits a three-dimensionally confined intensity zero suitable for 
isoSTED. A similar concept using a vortex phase plate was described and used in [29]. 

Here, an isoSTED (4Pi) nanoscopy platform is introduced which employs a single optical 
fiber and a chromatic phase plate, which shapes the depletion beam in order to have a three-
dimensionally confined zero while leaving the excitation beam unaltered [23]. This allows the 
use of a single fiber-coupled input beam path for depletion and excitation, yielding a 
considerably simplified architecture and a very high level of stability. 

2. Materials and methods

2.1. Shaping of illumination patterns in the 4Pi geometry with a chromatic waveplate 

A key feature of the illumination strategy is the generation of z-polarized components for 
STED along the optical axis within a single-beam approach, by means of a segmented wave 
plate (SWP). SWPs have proven significant benefits in terms of alignment and complexity 
reduction for two-dimensional STED setups [23,25]. Here, we present an efficient way to 
harness an SWP design for the third dimension as well. 
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Fig. 1. The segmented wave plate (SWP) or easySTED phase plate for isoSTED: (a) 
Polarization (orientation indicated by arrows) of the circularly polarized STED laser beam is 
modified differently for each segment of the SWP. Each segment acts as λ/2 wave plate for the 
STED wavelength. The lines in each segment indicate the orientation of the crystal’s optical 
axis. A subsequent λ/2 wave plate is necessary to generate z-polarized components in the 
resulting illumination pattern for axial STED. The necessity of a λ/2 wave plate can be avoided 
by flipping two segments of the SWP as shown on top. (b) Two mirror-symmetric, 
polarization-modified STED laser beams interfere in the common focus of two high-NA 
objective lenses. Interference renders a single point of zero intensity at the focal center. (c) 
Lateral confinement of the fluorescence intensity is given by x- and y- polarization 
components. Axial confinement is achieved by the z-polarized components. (d) Both lateral 
(dashed line) and axial (solid line) intensity profiles exhibit similar intensities in the vicinity of 
the focal center, which allows for isotropic STED. (e) Due to the chromatic selectivity of the 
SWP the excitation light remains almost a Gaussian beam and exhibits a 4Pi-characteristic 
interference pattern in the axial direction (shown on the right). Simulations of the 4Pi 
illumination patterns according to [27,28] with NA = 1.46, λexc = 635 nm and λSTED = 775 nm. 
Scale bars: 200 nm. 

The SWP (Abberior Instruments GmbH, Göttingen) is composed of four quarters of 
chromatic wave plates. The orientation of the fast axes is altered by 45 degrees for adjacent 
segments [Fig. 1(a)], with each segment acting as a λ/2 wave plate for the STED-light 
wavelength. Thus, opposite parts of the STED beam are phase-shifted by π, illustrated by the 
inverted arrows [right-hand side of Fig. 1(a)]. Due to this phase shift, destructive interference 
renders an intensity zero at the focal center. A three-dimensional intensity zero is generated 
when combining the SWP with an additional achromatic λ/2 wave plate which induces z-
polarized components in the focus (see below). Equivalent results can be achieved with a 
modified SWP with two flipped segments [top of Fig. 1(a)]. However, the present 
experiments were performed with an unmodified SWP and an additional λ/2 wave plate as no 
modified SWP was available. Focusing of radially oriented polarization (illustrated in Fig. 
1(a) as imaginary part of the modified polarization) leads to z-components due to the large 
semi-aperture angles of the objective lenses, which is in our case up to 74 degrees. Without an 
additional λ/2 wave plate, the z-components would cancel out in the focal center, as opposing 
parts of the radially polarized beam feature a phase shift of π. This is desired in a single-lens 
system for two-dimensional STED, as non-vanishing z-components would fill up the intensity 
zero of the STED beam. By means of the additional λ/2 wave plate the radially polarized parts 
of the beam are phase shifted and add up to remaining z-polarized components, which would 
result in considerable STED beam intensities in the focus of a single objective lens. However, 
in a 4Pi-arrangement, the relative phase between the z-components of the two counter-
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propagating beams is shifted by π with respect to the phase of the lateral components. Thus, 
as the laterally polarized STED light components are set up for constructive interference at 
the focal plane, the z-polarized components interfere destructively at the focal center and 
instead yield maximal intensity above and below [Fig. 1(c)]. 

In total, a hollow, three-dimensional, intensity pattern is formed [Fig. 1(b)]. Note that the 
STED intensities in the vicinity of the central zero are balanced in the lateral and axial 
directions [Fig. 1(d)]. Therefore, the effect of the fluorescence confinement becomes isotropic 
for STED saturation factors >~20, as saturation intensity for the de-excitation from the 
excited fluorophore state is reached at comparable distances to the central zero along the 
lateral and axial directions. Thus, the effective PSF, i.e. the PSF of the imaging system as a 
whole, is rendered almost isotropic. 

The thickness of the chromatic SWP’s birefringent segments is chosen in such a way that 
light at excitation wavelength is not retarded by λ/2 as is the case for the STED-light 
wavelength, but rather by an integer multiple of λ. Hence, polarization of the excitation light 
is not rotated in any segment, leaving the polarization state unchanged, and with this the 
focusing behavior of excitation light. Consequently, the excitation pattern exhibits an 
intensity maximum at the focal center [Fig. 1(e)]. (Further information on the chromatic 
dependence of the spot shape can be found in Fig. 2 of [25]). We opted for the highest NA in 
combination with CORR adjustment to compensate for spherical aberrations which otherwise 
increase the side lobes in 4Pi. The chromatic aberrations for this optic were found to be ≤100 
nm in the range of 594-775 nm, which was low enough to achieve the presented performance. 

2.2. Optical setup and components 

Fig. 2. Working scheme of the single-beam isoSTED nanoscope. Excitation (EXC.) and STED 
lasers are coupled into a polarization-maintaining single mode fiber (SMF). A dichroic mirror 
(DM) reflects both laser lines. Light undergoes wavelength-selective polarization modification 
while passing the wave plates (WP). Scan lens (SL), beam scanner (BS) and tube lens (TL) 
allow for shifting of the focal excitation and STED beam profiles in both lateral directions of 
the focal plane. 4Pi optics is realized with a non-polarizing beam splitter cube (BSC) and two 
high-NA objective lenses (OL). The sample (S) is located in the focus of the OLs. 
Fluorescence light is detected by an avalanche photo diode (APD). A band pass filter (BP) 
filters out excitation and STED light, which does not reach the APD. 

The single-beam isoSTED setup used a pulsed diode laser (LDH-P-635, PicoQuant) for 
excitation at 635 nm (λexc). As STED laser we used a frequency-doubled pulsed erbium fiber 
laser providing 1.2 ns pulses at 775 nm (λSTED), a spectral width below 1 nm and pulse 
energies up to 31 nJ (MPB Communications). The rather long 1.2 ns pulse length reduces 
unwanted multiphoton processes and is still shorter than the fluorescence lifetime of the dyes 
typically used. We estimated the maximum pulse energies in the sample to be 4.1 nJ. All laser 
energies specified are pulse energy in the sample. The laser systems were triggered externally 
at 40 MHz. Both excitation and STED light was coupled into a polarization-maintaining 
single-mode fiber. After collimation, the linearly polarized beam was reflected at a suitable 
dichroic mirror. It then passed the wave-plate combination, responsible for the wavelength-
selective modification by means of chromatic polarization manipulation. The required wave 
plates are an achromatic λ/4-wave plate for circular polarization, the chromatic segmented 
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waveplate, and finally an additional achromatic λ/2-wave plate. A description of the SWP 
principle was given in section 2.1 above. 

Fig. 3. Design of the 4Pi nanoscopy platform. The optical paths were set up on an optical 
breadboard which was fixated vertically on an optical table. As a result, the sample is placed 
horizontally. The objective lens cage (dark grey) is independent of the interferometer. A front 
view of the interferometer and the objective lens cage is shown in (a). Black arrows indicate 
the degrees of freedom inside the cage. The dotted arrow shows the degree of freedom of the 
cage with respect to the beamsplitter and mirrors forming the 4Pi cavity. (b) Side view. (c) The 
objective lens cage can be removed (shown) and the interferometer can then be pre-aligned. 

A custom-built beam scanner with four galvanometric mirrors [25] was used (typically 50 
µs effective pixel dwell time, average of 5 lines with 10 µs pixel dwell). In contrast to 
standard scanners, which tilt the beam in the conjugated back focal plane, this scanner 
displaces the beam in the intermediate image instead, in order to perform a lateral scan. To 
scan a three-dimensional volume, the sample can be displaced axially by means of a piezo-
driven sample holder. A 50/50 non-polarizing beam splitter cube generates two beams, each 
being reflected into one of the two opposing objective lenses (HCX PL APO 100x/1.46 Oil 
Corr CS, Leica Microsystems). In previous setups, a polarizing beam splitter cube (PBS) 
together with a half-wave plate allowed to precisely tune the amplitudes of the two partial 
STED beams in the 4Pi cavity. Here, we instead opted for a carefully selected, high-quality 
non-polarizing beam splitter cube (Newport Inc., Irvine, CA, USA) that made this step 
obsolete, as a PBS would preclude the favorable use of a single SWP outside of the 4Pi 
cavity. 

To allow for careful alignment of the objective lenses, an extremely stable and low-drift 
custom-made mount was built, providing sufficient stability for imaging over many minutes 
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without active stabilization (see section 2.3). In addition, an objective-mounted stage was 
utilized to further reduce thermal drift. The stage was produced in-house and is described in 
detail in [25]. 

The laser light at both the excitation and the STED wavelengths interferes in the focal 
plane, resulting in the desired focal intensity distributions with considerably reduced axial 
feature size and enhanced peak intensity, compared to a single-lens counterpart. Fluorescence 
light originating in the focal plane is collected by both objective lenses and interferes 
constructively in the detection path (4Pi of type C). The dichroic mirror and an additional 
band pass filter block the excitation and STED light (which interferes constructively in the 
detection path up to the filter), and fluorescence is detected by an avalanche photodiode 
(APD) (SPCM-AQRH-13-FC, Excelitas Technologies). Beam scanning, laser triggering, 
piezo controlling and data acquisition are realized by means of a personal computer equipped 
with a field programmable gate array (FPGA) card (NI-PCIe 7852R, National Instruments). 

2.3. Objective lens cage 

For reasonable isoSTED performance the two objective lenses need to be aligned in a very 
precise manner, to the sub-μm level in all three dimensions. This demands an objective lens 
cage which allows an accurate alignment procedure and at the same time provides high 
overall stability. In contrast to previous setups, this isoSTED nanoscope used a sophisticated 
objective lens cage which reduces the system’s susceptibility to vibrations and thermal drift. 
A number of aspects concerning geometry, material and overall rigidity were taken into 
account here. The setup can be divided into two subsystems. The triangular interferometer, 
consisting of the beam splitter cube and the two mirrors can be considered as an independent 
subsystem and the objectives plus the sample as a second subsystem. We therefore built a 
self-contained objective lens cage, in order to mount the objectives and the sample holder 
onto a removable subunit. This way, the cavity, which forms a Sagnac interferometer, can be 
aligned without the objective lenses in a first step, as indicated in Fig. 3(c). Then, the 
objective cage can be slid into the pre-aligned cavity beam path to the position shown in Fig. 
3(b). The alignment of the cage with respect to the cavity is uncritical since displacement and 
tilt or rotation of the cage as a whole (i.e. without relative tilts of the objectives axes) only 
introduces higher-order errors. 

The optical paths were set up on an optical breadboard which was fixated vertically on an 
optical table, as depicted in Fig. 3. In this manner, standard mirror mounts could be employed 
for reliable coarse alignment. Yet, in contrast to previous setups the sample is placed 
horizontally. This facilitates sample handling and avoids dripping liquid. Additionally, 
sideward mounting of the objective lenses – which introduces notable mechanical stress on 
the mount due to the objective lenses’ weight – is avoided. 

Since the objective lens cage was constructed with mechanical independence from the 
beam path components, there is no direct mechanical connection between the beam splitter 
cube, the cavity mirrors and the objective lenses [see Fig. 3]. The cage itself has a rigid 
column design to keep vibrational disturbance and temperature drift to a minimum. All parts 
of the cage are made of brass to provide thermal expansion behavior equal to the brass 
objective lenses casing. Within the cage, the upper objective can be displaced and tilted in all 
three dimensions with the help of setting screws (with fine thread) as indicated by the solid-
line black arrows in Fig. 3(a). For fine adjustment, three piezo actuators serve as tip/tilt 
alignment mechanism. Additionally, the cage allows to jointly lift both objective lenses, to 
facilitate the matching of the optical beam path length, as depicted by the dashed-line arrows 
in Fig. 3(a). 

Further information about the fine adjustments needed to enable type-C interference of the 
fluorescence light at the very limited coherence length is contained in [30], with general 
principles also outlined in [31]. 
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2.4. Fluorescent microsphere samples 

Crimson fluorescent microspheres (FluoSpheres carboxylate-modified microspheres, 
diameter 0.02 μm, crimson, Life Technologies) were diluted 1:20000 in distilled water and 
spread on coverslips coated with poly-L-lysine (Sigma-Aldrich), and then mounted in index 
matched 97% 2,2’- thiodiethanol (TDE, Sigma-Aldrich) of refractive index nd = 1.515 for a 
wavelength of 589 nm. To get two fluorescent microsphere layers [Fig. 4], the mounting glass 
was also prepared with crimson beads. STED pulse energy was 4.1 nJ for the images used for 
the histogram and 3.5 nJ for the images of samples with bead layers at the top and bottom 
coverglasses. 

2.5. Cell culture and immunocytochemistry 

For the vimentin stainings, Vero cells were seeded on standard cover slips (thickness: 150 μm 
(sorted to ± 5 µm tolerance), 12 mm diameter), fixated with cold methanol (−20°C) and 
washed with phosphate-buffered saline (PBS). Unspecific binding was suppressed using 
blocking with PBS containing 2% bovine serum albumin (BSA) for 5 minutes at room 
temperature. After removing surplus liquid, samples were placed in a humidity chamber. 25 
μl of primary antibody was placed on the samples. We used anti-vimentin (mouse, 1:100, 
V6389, Sigma-Aldrich). After washing two times with PBS for 5 minutes and removing 
surplus liquid, samples were stained with 25 μl secondary antibody inside a humidity 
chamber. We used anti-mouse antibody coupled to the fluorophore Abberior STAR 635P (1 
mg/ml, Abberior GmbH). Incubation time was one hour. After washing three times in PBS, 
samples were embedded in TDE as described in [32]. 

In the nup 153 samples, Vero cells were chemically fixated at 37°C in 8% 
paraformaldehyde for 5 minutes and permeabilized with 0.5% triton for 5 minutes. Antibody 
staining was carried out as explained for the vimentin staining. The primary antibody was 
Anti-Nup153 (mouse, 1:200, ab24700, Abcam), the secondary antibody was anti-mouse 
antibody coupled to STAR RED (1 mg/ml, Abberior). For embedding, we used 97.7% TDE 
and 2% methyl viologen (50mM). In addition, 0.3% Trolox (100 µg/µl in methanol) was 
added as antifade reagent. 

The images in Fig. 5 were taken with 1.1 nJ and 1.9 nJ STED pulse energy, respectively, 
and with excitation pulse energy of 0.05 pJ. For the image in Fig. 6, pulse energies of 1.9 nJ 
for STED and 0.2 pJ for excitation were used. 

3. Results

To demonstrate the performance of the new type of isoSTED microscopy, we imaged 
fluorescent bead samples and immunological-labeled fixed cells. Since the axial and lateral 
resolution enhancements are brought about by different polarization components of the STED 
focus [Fig. 1(c)], the shape of the effective PSF is influenced by the orientation distribution 
and mobility of the fluorophore dipoles. The excitation maximum is primarily formed by 
laterally (x, y) polarized field components, that preferably excite fluorophores with dipole 
moments oriented parallel to the focal plane. Consequently, the STED efficiency along the 
optic axis is potentially reduced, as it is mediated by perpendicularly (z-) polarized light [Fig. 
1(c)]. In the case of stationary dipoles with evenly distributed orientations, the z/(x, y) aspect 
ratio of the effective PSF rises by up to a factor of 1.5. However, we found that by using a 
rather long 1.2 ns-STED pulse, the rotational mobility of the fluorophores used was 
sufficiently high to render this effect barely noticeable. 
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Fig. 4. Image showing fluorescent microspheres in two axially distinct layers. In (a), an image 
along xz is shown. On the left side, the confocal image is shown as compared to the isoSTED 
image (right half). Resolution enhancement is substantiated over a wide axial range (at both 
the top and bottom coverglass surface). The distance between the cover glasses is ~8 μm. In 
(b) a xy and an yz image of a fluorescent microsphere are shown. Images were fitted with a 
two-dimensional Gaussian function (right). The histogram in (c) shows the FWHM of fit beads 
in a xy scan. Smallest detected FWHM were 20 nm, and most microspheres appeared with a 
size between 30 and 40 nm. 
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We demonstrate the typical resolving power of the instrument in a single and in a double 
layer of fluorescent microspheres [Fig. 4]. The double layers are separated by about 8 μm in 
the axial direction. To quantify the resolving power of the setup, ~60 fluorescent 
microspheres were fitted with a two-dimensional Gaussian function to result in a FWHM 
histogram. Most microspheres appeared with a FWHM of 30-40 nm. The smallest detected 
feature size was ~20 nm. This is in agreement with the actual particle size given in the 
manufacturer’s certificate of analysis, which claims a size of 28 nm with standard deviation 
of 5 nm. Results are shown in Fig. 4(c). The resolution is therefore in agreement with results 
obtained with similar two-dimensional setups, e.g. in [25], proving that the axial resolution 
enhancement in our case leaves lateral resolution performance unchanged. The focal volume 
in isoSTED becomes very small, and the optimal alignment of detection optics is mandatory 
to maximize collection efficiency by the confocal pinhole to maximize even the dimmest 
signals collected. 

Fig. 5. (a) 3D image of a Vero cell vimentin network stained with Abberior STAR635P. 
Features appear with a size of 60 nm; color codes the axial position as indicated. Overall image 
depth is 875 nm. The lower left corner shows a single 4Pi frame for comparison. (b) Vimentin 
network stained with Abberior STAR635P in a Vero cell at larger magnification. The color 
encodes the axial position. 

Figure 5 shows 3D images of the vimentin network in Vero cells. The feature size is 
typically ~60 nm, which is in agreement with two-dimensional (2D) images of vimentin taken 
on conventional two-dimensional STED setups. As another example, nup153 – a component 
of the nuclear pore complex – was imaged [shown in Fig. 6]. Here, because of to the large 
stack size of over 2 µm, antifade reagent was used (see section 2.5). 
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Fig. 6. Nuclear pore complexes in Vero cells: The protein nup153 immunolabeled with the dye 
Abberior Star Red. In (a), the xz cross-section (single-pixel 25 nm thickness) at the y position 
indicated by the white arrows is shown. In (b), the xy view with color- coded z position is 
shown, as compared to a 4Pi stack in the lower left corner of the image. Scale bar of 1 µm 
applies to both (a) and (b). 

4. Conclusion

We have described an isoSTED setup with significantly reduced complexity and a high 
degree of mechanical robustness. The nanoscope was shown to be capable of mapping 
fluorescent microspheres with their actual size of ~20-30 nm in diameter. 

The optical adjustment/alignment effort was significantly simplified by the use of a single 
(instead of two) STED beam(s) for three-dimensional confinement of the STED illumination 
pattern. Furthermore, the use of a chromatic birefringent wavefront modification device 
greatly facilitates the setup, since the co-alignment of STED and excitation beams becomes 
obsolete. The successful integration of this so-called “easySTED” principle into an isoSTED 
system has been demonstrated. Moreover, the 4Pi optics alignment was facilitated by the 
decoupling of relevant alignment parameters. This was realized by implementing a dedicated 
custom-made cage for the objective lenses. The cage allows precise alignment, without 
compromising stability. In addition, the beam path in this nanoscopy platform can be aligned 
independently of the focusing system. This is a crucial factor because, for coupled alignment 
parameters, the adjustment of one parameter usually results in the misalignment of another 
one. In previous setups, several iterative adjustment steps were required to approach optimal 
settings. 

The choice of architecture and material of the cage resulted in an extremely stable setup. 
Problems concerning the transmission of mechanical vibrations to the system which had been 
observed in previous setups were not evident here. In addition, the system exhibits very little 
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thermal drift, allowing to image over typical image-stack acquisition times of ten to fifteen 
minutes without requiring readjustments. 

The performance of the setup was tested on fluorescent microspheres as well as on fixed 
cells with immunofluorescence. Fluorescent microspheres of nominally ~28 nm mean size 
appeared as spherical objects of 20 to 50 nm in the images. Vimentin structures with 
diameters of less than 50 nm (but typically ~60 nm) robustly appeared in images of fixated 
samples. This shows that the performance of the setup is on par with previous isoSTED 
results. Furthermore, our setup allowed for operation in a “type C” configuration. In the 
isoSTED case this means that the excitation as well as STED and fluorescence light interfere 
with their respective counterpart. Thereby, the remaining side-lobes are suppressed and, in 
type C alignment, more of the fluorescence is collected at the detection path and the losses 
through the destructive output of the cavity are minimized. Fluorescence originating in the 
focal plane is enhanced and thus detected more effectively due to interference. To further 
reduce residual sidelobes, the described methods could be used in combination with 2-photon 
excitation, in which case the chromatic properties of the easySTED phase plate would need to 
be adapted. 

The presented design improvements have proven to greatly facilitate routine isoSTED 
imaging and will likewise benefit other coordinate-targeted superresolution approaches, 
including RESOLFT using switchable proteins. The new objective lens cage could 
furthermore be utilized for coordinate-stochastic single-marker switching types of setups for 
improved stability performance. 
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