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ABSTRACT

An experimental setup for super-resolution microscopy by structured illumination is presented, preliminary experiments of nano-beads and living cells with a resolution around 100 nm are described, and further requirements for live cell microscopy are discussed.
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1. INTRODUCTION
In addition to Stimulated Emission Depletion (STED) [1] or Single Molecule Localization Microscopy (PALM, STORM and related techniques) [2-4] Structured Illumination Microscopy (SIM) has proven its super-resolution potential [5,6]. A down-modulation of conventionally non-transferable higher spatial frequencies using a periodically modulated illumination pattern leads to a resolution enhancement up to a factor of two compared to the value given by the Abbe criterion. In addition, light exposure in SIM exceeds that of conventional wide-field microscopy only slightly, and is by several orders of magnitude lower than exposures needed for STED, PALM or STORM. This favors SIM for live cell microscopy, in particular, if long exposure times or repeated measurements are required. The present manuscript summarizes some recent applications.
2. MATERIALS AND METHODS
An experimental setup for SIM – based on a spatial light modulator (SLM) whose structure can be shifted in phase (translation) and rotated by various angles (e.g. 0°, 60° and 120°) ( has been described previously [7,8]. Its first orders of diffraction are focused at the aperture plane A of the objective lens, thus creating an interference pattern in the plane of the sample with a grating constant depending on the angle α with the optical axis as well as on diminution by the microscope objective lens Obj (including the tube lens TL), as depicted in Figure 1. Super-resolution images are calculated from 9 individual images (3 translations, 3 rotations), as further described in Ref. 7. The method is based on increasing the transferable spatial frequencies as reported in the literature [5,6] and depicted in Figure 2 for 3 orientations of the illumination pattern. Using in our case a grating constant ( = 274 nm and a numerical aperture AN = 1.30 of the objective lens, the maximum spatial frequency 2AN/(0 (resulting from the Abbe criterion) and (-1 sum up, giving a resolution
dmin = (2AN/(0 + (-1)-1 = 111 nm
(1)
if a wavelength (0 = 488 nm of an argon ion laser is assumed. 
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Figure 1. SIM illumination by two interfering laser beams (TL = tube lens, A = aperture,   Obj = microscope objective lens)
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Figure 2. Optical transfer function (spatial frequencies) for wide-field microscopy (a), wide-field microscopy using a Wiener filter (b) and SIM using two interfering laser beams at 3 rotation angles (0°, 60°, 120°) (c). 
Experiments were performed with fluorescent polystyrene beads of 200 nm diameter dissolved in ethanol as well as with 3T3 murine fibroblasts and MCF-7 breast cancer cells cultivated as monolayers on microscope cover slips. 3T3 cells were incubated with Tubulin Tracker™ Green (250 nM, 20 min.), MCF-7 cells were incubated with the cytostatic agent doxorubicin (4 µM, 24h) or with the mitochondrial marker rhodamine 123 (5 µM, 30 min.). In all cases an Ar+ laser with (0 = 488 nm was used for excitation, and fluorescence was detected in an inverted microscope (Axiovert 200M, Carl Zeiss Jena, Germany) using a Plan-Neofluar 40×/1.30 (oil immersion) objective lens and a long path filter for (D ( 515 nm. The diameter of the illuminated object field results from imaging of the expanded laser spot on the SLM and is presently 63 µm.
3. EXPERIMENTAL RESULTS
Fluorescence images of polystyrene nano-beads (diameter: 200 nm) are depicted in Figure 3 as a conventional wide-field image (a), wide-field image with a Wiener filter (b) and SIM image (c). In (a) and (b) resolution according to the Abbe criterion is close to the particle size, but the particles appear somehow blurred and overlapping, while in (c) all particles appear clear and well resolved. 
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Figure 3. Images of fluorescent nano-beads using wide-field microscopy (a), wide-field microscopy with a Wiener filter (b) or SIM (c); excitation wavelength: (0 = 488 nm; detection range: (D ( 515 nm; Plan-Neofluar 40(/1.30 oil immersion objective lens.

In Figure 4 fluorescence images of a 3T3 fibroblast incubated with Tubulin Tracker™ Green (250 nM, 20min.) are depicted, and the image shows brightly fluorescent microtubules. In comparison with the wide-field images (a,b), the SIM image shows an improved resolution and in combination with a software algorithm described in Ref. 9  permits detection of a single cell layer. The super-resolution is also documented by a line scan over 0.9 µm (d), proving two adjacent microtubules of 100 nm diameter each, which may originate from a very slight movement of the microtubules during the recording time. It should be emphasized that the real diameter of a microtubule (about 30 nm) cannot be resolved.
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Figure 4. Fluorescence images of a 3T3 fibroblast incubated with Tubulin Tracker™ Green (250 nM, 20min.) using wide-field microscopy (a), wide-field microscopy with a Wiener filter (b) or SIM (c) including a line scan over 0.9 µm for wide-field, filtered wide-field microscopy and SIM (d); excitation wavelength: (0 = 488 nm; detection range: (D ( 515 nm; Plan Neofluar 40(/1.30 oil immersion lens.

A further example is given in Figure 5 for doxorubicin, an anthracycline antibiotic, which has been used as a cytostatic drug in cancer chemotherapy for several decades [10]. The drug is taken up by cells due to passive diffusion through their membrane and finally intercalates in DNA strands, where it causes chromatin condensation and initiates apoptosis [11]. Location in cell nuclei of MCF-7 breast cancer cells is well documented by Figure 5, but in comparison with wide-field microscopy (b), SIM gives an improved resolution (c) and possibly some information on nuclear architecture upon application of this cytostatic agent.
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Figure 5. Molecular structure of doxorubicin (a); fluorescence images of MCF-7 breast cancer cells incubated with doxorubicin (4 µM, 24h) using wide-field microscopy (b), or SIM (c);  excitation wavelength: (0 = 488 nm; detection range: (D ( 515 nm; Plan Neofluar 40(/1.30 oil immersion objective lens.

Fluorescence images of individual MCF-7 breast cancer cells incubated with the mitochondrial marker rhodamine 123 (5 µM, 30 min.) are depicted in Figure 6. In both parts of this image a non-fluorescent nucleus is surrounded by mitochondria which appear as long-shaped fluorescent rods. While the wide-field image (Fig. 6a) shows some overlaying diffuse out-of-focus fluorescence, the image calculated from 9 images with structured illumination (SIM; Fig. 6b) shows fluorescence only from the focal plane with improved resolution.
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Figure 6. MCF-7 breast cancer cells incubated with the mitochondrial marker R123 (5 µM, 30 min.); wide field image (a) and SIM image (b) (evaluated by R. Heintzmann, IPHT Jena); excitation wavelength: (0 = 488 nm; detection range: (D ( 515 nm; Plan Neofluar 40(/1.30 oil immersion objective lens.
4. DISCUSSION AND OUTLOOK 
Improvement of resolution and enhancement of image quality by SIM in comparison with conventional wide-field microscopy are well documented by the Figures 3(6. When using SIM for live cell imaging several features are required or should be optimized:

1. The grating constant ( of the interference pattern should be only slightly above the resolution limit of the objective lens in order to profit from the advantage of the SIM method (see Equation 1). According to ( = ( / 2 m sinα (with m corresponding to the magnification factor of the microscope) this requires small values of the diffraction angle α (around 1°) as well as high resolution cameras for image detection (pixel density ( 250/mm, if a 40( objective lens is used).
2. The aperture A of the microscope lens should be large enough (( 6 mm) to permit transmission of two illuminating laser beams.

3. The total light dose of illumination should be limited to about 10(100 J/cm² corresponding to 0.1(1 µJ/µm² to keep cells viable after incubation with a fluorescence marker or transfection with a fluorescent protein [12]. This implies that even if the irradiance is limited to 100 mW/cm² corresponding to 1 nW/µm² (“solar constant”) the total exposure time should not be longer than a few minutes.
4. Fast image detection, automatization and synchronization of SLM and camera are necessary for studies of dynamic processes, since each SIM image has to be calculated from 9 individual images.
5. Modular design and versatility, e.g. combination with light sheet microscopy or axial tomography [13], as well as low light scattering are required, if SIM is to be used at higher depths in 3D cell or tissue samples.
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