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Abstract Due to diffraction, the resolution of imaging

emitted light in a fluorescence microscope is limited to

about 200 nm in the lateral direction. Resolution improve-

ment by a factor of two can be achieved using structured

illumination, where a fine grating is projected onto the

sample, and the final image is reconstructed from a set of

images taken at different grating positions. Here we

demonstrate that with the help of a spatial light modulator,

this technique can be used for imaging slowly moving

structures in living cells.
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Introduction

Fluorescence microscopy is an invaluable tool in the life

sciences. In addition to imaging specifically labelled

structures in fixed specimens, it allows us to study living

organisms in a non-invasive and non-destructive manner.

Unfortunately, the resolution is fundamentally limited by

diffraction to about 200 nm in the lateral plane, whereas

many sub-cellular structures are about an order of magni-

tude smaller. In the past decade, many new techniques have

been developed to overcome this limitation, each with their

advantages and shortfalls.

Recently developed techniques that rely on the locali-

sation of single emitters (Betzig et al. 2006; Geisler et al.

2007; Hess et al. 2006; Lemmer et al. 2008; Lidke et al.

2005; Rust et al. 2006) can achieve lateral resolution down

to 20 nm. The application of this technique to living cells

has been demonstrated (Shroff et al. 2008), but at a frame

acquisition time of 25–60 seconds, its use is limited to very

slowly moving structures. Also, the determination of the

axial position of the molecules is difficult, although 3D

information can be obtained by introducing aberrations

that give information about the axial position (Huang

et al. 2008) or by a biplane imaging approach (Juette et al.

2008).

There are techniques for resolution improvement that

are based on the depletion of unwanted fluorescence.

Resolution below 50 nm (Donnert et al. 2006; Rittweger

et al. 2009) can be achieved by stimulated emission

depletion (STED) microscopy (Hell and Wichmann 1994;

Schrader et al. 1995), where the resolution improvement is

based on the use of a doughnut-shaped depletion beam

around the centre of the excitation beam. Although not

strictly necessary, these approaches are usually based on

point-scanning to achieve the required intensity.

Another technique capable of improving the lateral and

axial resolution in fluorescence microscopy is structured

illumination microscopy (SIM), where a fine grating is

projected onto the sample and the final high-resolution

image is reconstructed from a set of images taken at dif-

ferent grating positions (Gustafsson 2000; Heintzmann and

Cremer 1998). With this technique, resolution improve-

ment by a factor of two can be achieved compared to
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conventional wide-field fluorescence microscopy. As a

wide-field technique, the data acquisition can be fast, and

the final image can be reconstructed from nine frames of

raw data to achieve nearly isotropic resolution improve-

ment in the lateral plane. So far the application of this

technique to biological imaging has been limited to

fixed samples (Gustafsson 2000; Gustafsson et al. 2008),

although an application to imaging living cells has been

published while the current manuscript was under revision

(Kner et al. 2009). Here we demonstrate that this technique

is compatible with live-cell imaging. Although several

images are required for the final image, slowly moving

structures, such as mitochondria, can be imaged in living

cells with structured illumination microscopy.

Materials and methods

Microscope

A custom-built wide-field microscope was used for imaging

the samples. The basic set-up of the microscope is shown in

Fig. 1. A 473-nm CW laser (M-Quadrat, Germany; 80 mW)

was used for fluorescence excitation. A shutter (Vincent-D1,

Uniblitz, NY) was used for controlling the on-time of

the laser. The laser beam was focused with lens L1

(f1 = 25 mm) through a 10-lm pinhole (Ph) and collimated

with lens L2 (f2 = 500 mm) to fill the screen of a spatial light

modulator (SLM; HEO 1080 P, Holoeye Photonics,

Germany), where computer-generated grating patterns were

displayed. The diffracted orders were focused with lens L3

(f3 = 1,000 mm), and lenses L4 (f4 = 150 mm) and L5

(f5 = 200 mm) were used for relaying the focused diffrac-

tion orders to the back focal plane of the objective (63 9

NA1.2 water immersion, Leica, Germany). The objective

was mounted on a piezo-controlled z-stage (P-725.2CD,

Physik Instrumente, Germany). A k/2 plate (Comar, UK) in a

rotating stage (DRTM 40, Owis, Germany) was used for

rotating the polarisation of the input beam so that the first

orders were azimuthally polarised (perpendicular to the x and

y components of the grating’s k-vector) for maximum con-

trast of the grating within the sample. An additional polariser

in a rotating stage (DRTM 40, Owis, Germany) was inserted

after the k/2 plate to clean up the polarisation. The fluores-

cence emanating from the sample was imaged through the

emission dichromatic reflector DM (Comar, UK) and the

emission filter via a tube lens (Leica, Germany; magnifica-

tion 1.259) to a cooled CCD camera (Imager Intense,

LaVision, Germany; 12 bit, 1,376 9 1,040 pixels, 6.45-lm

pixel size).

Sample preparation

The point-spread function (PSF) of the structured illumi-

nation microscope was measured using green fluorescent

beads. The polystyrene beads (Duke Scientific, CA, USA),

with a mean diameter of 71 nm (specified by the manu-

facturer), were diluted in ethanol. A drop of this solution

was deposited on a coverslip and allowed to evaporate. The

coverslip was mounted on a glass slide using deionised

water as the mounting medium.

COS1 cells were used for biological imaging. The cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM; Invitrogen, UK) containing 10% foetal bovine

serum (Invitrogen, UK) and penicillin/streptomycin/gluta-

mine (Invitrogen, UK), and plated on 22 9 22 mm #1.5

poly-L-lysine (Sigma, UK) coated glass coverslips at a

density of 50K cells. The medium was changed to the same

medium containing 100 nM MitoTracker Green FM

(Invitrogen, UK) after 16–20 h and the cells were incu-

bated at 37�C for 30 min. The cells were then washed with

phosphate-buffered saline (PBS), and the coverslips were

placed on glass slides for imaging, using PBS as the

mounting medium.
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Fig. 1 A schematic diagram of

the set-up for the structured

illumination microscope
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Data acquisition

The samples were illuminated with three diffracted orders,

corresponding to five separated orders in the reconstruction

process which was performed in 2D space. Four grating

orientations were used, with five images per direction. The

main period of the grating on the sample plane was

500 nm, with the 250-nm components present. The wide-

field images were obtained by summing the images

acquired with different grating phases and orientations. All

imaging was done at room temperature.

Open-source software lManager (Amodaj and Stuurman

2006–2009; Stuurman et al. 2007) was used for controlling

the microscope hardware. The data acquisition was

automated using a Beanshell (Niemeyer 2008) script

in lManager’s scripting console.

Data reconstruction

Before image reconstruction in Fourier space, some pre-

processing was performed in real space. First the back-

ground offset was subtracted using a ‘dark’ background

image taken with the same integration time as the images

but without illuminating the sample. The borders of the

images were blended using a Hann window function with a

flat central area to avoid artefacts arising from sharp edges.

The images were corrected for drift using an iterative cross-

correlation-based estimation for the drift (Pham et al.

2005). The images were also corrected for fluorescence

intensity variations by adjusting the average intensity of

each image to match the mean intensity of the image stack.

The PSF used in the reconstruction process was an experi-

mentally measured PSF (i.e. an image of a small bead).

The separation and the recombination of the frequency

components was performed in Fourier space. Imperfections

in the acquired data, such as imprecise shifting of the illu-

mination pattern, bleaching of the pattern into the sample and

fluctuations in the excitation intensity have a large influence

on the quality of the separation of the frequency components.

This was corrected computationally by optimising the sep-

aration matrix before the final unmixing of the components.

The optimisation was performed iteratively by minimising

the central value of the cross-correlations between two sep-

arated components before they are shifted.

The images were then resampled by zero padding in

Fourier space to decrease the pixel size of the final image

to accommodate increased resolution. The separated com-

ponents were shifted with sub-pixel resolution for their true

zero frequency to coincide with the centre peak. Where

multiple components of the same frequency space region

were present, they were averaged with frequency-depen-

dent weights such that the signal-to-noise ratio was optimal

and the goal function was achieved (Heintzmann 2003).

The goal function was either a cosinusoidal or polynomial

apodization function to avoid artefacts from the sharp

edges of the new transfer function. A Wiener filter was also

used to suppress noise amplification in the high frequen-

cies. The final result was obtained by inverse Fourier

transform (Mandula 2008).

Results

Measurement of PSF

To measure the PSF of the structured illumination micro-

scope, the positions of 99 individual beads were recorded

from the SIM image. A small region of interest (ROI) was

extracted around each recorded position from both the SIM

and the wide-field images. The beads were then centred

with sub-pixel accuracy to the middle of the ROI and

summed to obtain the experimental SIM and wide-field

PSFs (Fig. 2b, c). A Gaussian curve was fitted to each of

the summed images (Fig. 2a).
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Fig. 2a–c Measurement of the

PSF of the structured

illumination microscope.

a Cross-sections of the PSFs

measured from an average of 99

beads with a mean diameter of

71 nm. A Gaussian fit to the

averages gives a FWHM of 252

and 105 nm for the wide-field

and structured illumination PSF

(including the bead size, see

text) respectively. b, c The sum

of the beads in the wide-field

and the structured illumination

mode respectively. Pixel size:

48 nm
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To account for the effect of the finite bead size on the

PSF measurement, the bead was assumed to be a projection

of a sphere along the axial direction (because the PSF is

much more elongated in this direction). Its variance (r2)

can be calculated along one of the other spatial directions

(here x) as

r2 ¼
r2

bead

R 1

�1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

x2dx
R 1

�1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

dx
¼ 1

4
r2

bead ¼
1

16
d2

bead

where rbead and dbead are the radius and the diameter of the

bead respectively. The full width at half maximum

(FWHM) of the bead can be obtained from

FWHMbead ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p

r ¼
ffiffiffiffiffiffiffi
ln 2

2

r

dbead

The FWHM of the PSF without the effect of the finite-

sized bead can then be obtained from

FWHMPSF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FWHM2

meas � FWHM2
bead

q

where FWHMmeas is the FWHM of the image of the bead.

The measured FWHM of the wide-field bead image was

252 nm, corresponding to a PSF with a FWHM of 249 nm

when taking into account the size of the beads. The FWHM

of the reconstructed SIM bead image was 105 nm, corre-

sponding to a PSF with a FWHM of 96 nm.

Imaging of a living cell

The data acquisition is fast enough to obtain images of living

samples with slowly moving structures. Mitochondria are

found in most eukaryotic cells, producing most of the cell’s

supply of chemical energy and playing an important role in

the control of the cell cycle. Figure 3 shows a time series of

mitochondria in a living Cos-cell, stained with MitoTracker

Green. The images were acquired at 3-min intervals. Three

orders were used for illumination, corresponding to five

separated orders in the reconstruction, which also improves

optical sectioning. Each structured illumination image was

reconstructed from a total of 20 images with an image

acquisition rate of about 1 image/second and 3 min between

each high-resolution image. The movement of some of the

mitochondria between the images can be clearly seen in

Fig. 3i, j, which show an overlay of the first three images in

the time series shown in red, green and blue respectively. As

well as showing some details which cannot be seen in the

wide-field images, the reconstructed structured illumination

images clearly demonstrate improved optical sectioning.

Discussion

While the resolution improvement by linear structured

illumination is limited to a maximum of a factor of two, no

unusual properties are required from the fluorophores or the

samples. Only three to five images are needed per direc-

tion, and three to four grating orientations are enough to

obtain nearly isotropic resolution improvement in the

lateral plane. The resolution improvement has been

demonstrated on both fixed and living samples.

When illuminating with three orders it is possible to also

improve the axial resolution with structured illumination

microscopy. Even though such data can be processed in a

slice-by-slice fashion (Mandula 2008), a true 3D processing

Fig. 3 A time series of

mitochondria in a living Cos-

cell stained with MitoTracker

imaged with structured

illumination microscopy (a–d)

and wide-field equivalent (e–h),

as reconstructed from the sum

of the individual SIM images.

The images were acquired at

3-min intervals. i, j Overlay of

the first three images in the time

series shown in red, green and

blue respectively. Scale bars
1 lm
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(Gustafsson et al. 2008) is advantageous. It is also possible

to combine structured illumination with the I5M technique

(Shao et al. 2008) which, similar to standing wave (Bailey

et al. 1993) or spatially modulated illumination microscopy

(Failla et al. 2002), uses two opposing objective lenses to

improve the axial resolution, yielding a resolution of about

100 nm in all three dimensions.

Further resolution improvement can be achieved with

SIM if the linear relationship between the excitation and

emitted intensity is broken (Heintzmann et al. 2002).

Resolution below 50 nm has been demonstrated with

fluorescent beads by saturating the excited state of the

fluorophores, but in this case very high illumination

intensity was needed (Gustafsson 2005). It could be pos-

sible to use recently discovered photoswitchable fluoro-

phores (Ando et al. 2004; Bates et al. 2005; Heilemann

et al. 2005; Lukyanov et al. 2000; Sabanayagam et al.

2005) to create the nonlinearity (Hirvonen et al. 2008).

With these fluorophores the transition between the fluo-

rescent and the dark state can be saturated instead of sat-

urating transitions involved in the fluorescence excitation

and emission. When the states are stable enough, these

transitions are easily saturable, so no high intensity is

needed, although very good photostability is required from

the fluorophores.
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