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Application Note: SIM and iSIM 

 

 
Introduction to SIM and iSIM 
 
 

Introduction 
 
One of the goals of biological microscopy is to observe and analyze biological processes and structures on the sub-
cellular scale. However, the size of the smallest structures that can be observed is set by the diffraction limit of light, 
meaning no detail can be resolved smaller than around 250 nm. Overcoming this barrier is one of the most active 
subjects of investigation in modern microscopy and as a result, there are many techniques for super-resolution 
microscopy. 
 
Many of these techniques require lengthy multi-frame acquisitions (such as PALM/STORM/DNA-PAINT) or rastering of 
high powered lasers (STED), meaning they require significant post-processing and are largely unsuitable for imaging live 
cells.  
 
Structured Illumination Microscopy (SIM) and the high-speed alternative instant SIM (iSIM), can halve the resolution 
limit of conventional light microscopy. However, unlike other super-resolution methods, iSIM can capture images at up 
to 100Hz, and with a greater degree of optical sectioning (rejection of out-of-focus light). This enables iSIM to generate 
3D + time super-resolved images deep into biological structures, all while using conventional fluorescent dyes and 
molecules. This opens up the possibility of observing sub-diffraction limited dynamic processes within cells and tissues 
that may previously not have been possible to visualize. 
 
A resolution comparison of iSIM to other live-cell imaging techniques is shown in Figure 1.  
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Figure 1: Live MRL-TR transformed human lung fibroblasts expressing TFAM-GFP (green) and Tom20-mCherry 
(purple). 
Images a-c are captured using the iSIM system, d-f with a spinning disk confocal microscope, and g-I with a line-
scanning confocal microscope.  
a, d, g: Maximum intensity projections (XY) of 3 µm thick volumes are shown, with sub regions (white arrows) at 
indicated timepoints shown in higher magnification insets.  
b, e, h: Higher magnification of mitochondria highlighted by white rectangles in a, d, g insets. Scalebars: 0.5 µm.  
c, f, i: Axial (ZY) view of ~270 nm thick slices (yellow lines) from a, d, g, with scale bars 1 μm.  
 
The resolution challenge of this sample is to resolve the absence of Tom20-mCherry in internal voids with the 
mitochondria. This is only achieved with iSIM indicated in c. by white arrows. 
 
Image and caption adapted from York et al., 2013. 
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Structured Illumination Microscopy (SIM) 
 
The ability of SIM to achieve its resolution increase relies on the principle of Moiré patterns – an effect frequently 
utilized for optical illusions.  
 
An intuitive understanding of how Moiré patterns can be used to reveal information of a higher spatial frequency can 
be gained from Figure 2. As the two fine (high spatial frequency) grids are overlaid in the rightmost image, the 
interference reveals a grid of a larger size (lower spatial frequency), that contains information about the two smaller 
grids.  
 

 
By applying illumination patterned with lines of sinusoidally-varying brightness, structures in the sample interfere with 
the grid and reveal additional spatial information. Through acquiring multiple images, shifting and rotating that pattern 
to cover every visible area of the sample, a single super-resolution image can be reconstructed, achieving double the 
spatial resolution that the optical system is capable of. 
 
This process is understandably slow as it requires the digital combination and summation of multiple images but it’s 
considerably faster than super-resolution localization microscopy techniques. 
 
iSIM allows for even greater speed increases, on the order of 100x better time resolution than super-resolution 
localization microscopy techniques. When considering the addition of processing time, acquisitions can be created on 
the order of 10,000 times faster. iSIM also allows for 10x deeper sample penetration compared to other SIM-based 
approaches, and with better optical sectioning than a spinning disk confocal. 
 
iSIM achieves this by building on multifocal SIM (MSIM), a technique which combines pinhole-based optical sectioning 
and structured illumination to create a confocal super-resolved image. Instead of performing the combination and 
summation of multiple images digitally, iSIM achieves its speed by performing this summation optically through the use 
of micro-optics arrays and galvo-scanning mirrors. 
 
 
 
 
 
 

 

Figure 2: Moiré pattern formed through the interference of two fine grids overlaid at 
an angle relative to each other.  
Adapted from Wikimedia Commons. 
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iSIM: How Live Super-resolved Images Are Obtained 
 
iSIM expands on a variant of SIM called ‘multifocal SIM’ that uses multiple sparse individual points of light, rather than 
lines (Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The focal points are formed with microlenses and are combined with the use of pinholes on the emission path which 
provide optical sectioning (rejection of out of focus light). Next, a microlens array provides 2x optical contraction of the 

Figure 3: A converging microlens array is used to produce a multifocal excitation. After exciting the sample, out-of-
focus fluorescence is rejected with a pinhole array that is matched to the microlens array. A 2x local contraction of 
each pinholed fluorescence emission is achieved with the aid of a second, matched microlens array. A galvo serves 
to raster multifocal excitation and sum multifocal emission, producing a super-resolution image during each camera 
exposure (for clarity, only a partial galvo scan is shown in this figure).  
Left Raw data corresponding to each of these steps. 
Right Cartoon representation. 
Taken from York et al., 2013; 
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image from each illumination focus point individually. To image the entire sample, a galvanometric mirror translates 
the excitation pattern across the sample.  
 
Where iSIM differs from its predecessor MSIM is that the summing of images from multiple mirror positions is done 
optically rather than in software, improving speed and reducing the contribution of camera noise. As the pattern scans 
across the sample the emission light is simultaneously translated across the camera and due to the ongoing exposure 
of the camera during scanning, effectively sums the contributions from the points along the scan. 
 
The final step is to perform deconvolution on the acquired image to reduce the contribution of the point spread function 
(PSF) of the optical system. Deconvolution is very powerful with iSIM, due to the small PSF and good optical sectioning. 
This leads to the overall 2x increase in resolution. 
 
The process of building an iSIM system is thoroughly detailed in Curd et al., 2015. 
 
 

iSIM Applications  
 
The endoplasmic reticulum (ER) moves and grows very rapidly, with the formation and growth of new ER tubules 
occurring on timescales of the order of 100 ms, which would be blurred with other SIM implementations, yet not 
resolvable spatially without a super-resolution technique. Figure 4 shows that iSIM is capable of capturing this 
challenging phenomenon very clearly. 
 

Figure 4: Instant SIM reveals endoplasmic reticulum (ER) dynamics at 100Hz.  
a: First image in 200 timepoint series, showing ER labelled with GFP-Sec61A within MRL- TR transformed human 
lung fibroblasts. Data were acquired at the coverslip surface. Scalebar: 10 µm.  
b: Higher magnification view of the large white rectangle in a. White arrows mark growth of an ER tubule, blue 
arrows indicate remodelling of an ER tubule. Scalebar: 5 µm.  
c: Higher magnification view of the small white rectangle in a, indicating formation of a new tubule within 140 ms. 
Scale bar: 200 nm.  
Image and caption adapted from York et al., 2013. 



 

Rev A0      ©2018 Photometrics. All rights reserved.  

 

6 

Application Note: SIM and iSIM 
 

 
iSIM was also successfully used to resolve the structures of red blood cells moving with the blood vessels of a living 3-
day-old zebrafish, without motion blur. Figure 5 demonstrates the capability of iSIM to image moving structures non-
invasively within living subjects. 

 
 

Cameras for SIM and iSIM 

 
SIM and iSIM are well suited to the large field of view, high speed and smaller pixels present on sCMOS devices which 
excel at imaging live cells at high spatial and temporal resolutions.  
 
Back-illuminated CMOS cameras should also be a strong consideration as they provide the extra sensitivity necessary 
to lower exposure times and thereby increase acquisition speed. The clean, pattern-free backgrounds present on back-
illuminated CMOS cameras are also of great value for SIM and iSIM which rely on creating patterns to achieve super-
resolution imaging. 
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Figure 5: Top Maximum intensity projection across 100 2D frames (spanning 2673 ms), highlighting GFP labeled 
microtubules in blood cells located within cranial vessels, 20 μm into a 3 day old zebrafish embryo. Direction of 
motion is from left to right. Sharp cell boundaries indicate the absence of motion blur. Scale bar: 10 μm.  
Bottom Spatial regions corresponding to the red boxes in the top panel at indicated times.  
Yellow arrows: ‘Tail’ structure at the end of the same cell; Yellow arrowheads: Microtubules feeding into tail; 
Magenta arrowheads: microtubules present inside the cell. Scalebars: 2 μm. 
Image and caption from York et al., 2013. 
 



VT-iSIM: Fast & Simple Imaging 

Beyond the Diffraction Limit
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VisiTech International Ltd.

• Based in the North East of England

• Established in 1999

• Roots of the company go back to Joyce Loebl

• 100% employee owned company

• Signed the first global re-seller agreement with Yokogawa 
Electric on the Spinning Disk (CSU10) in 2000

• From there we’ve developed a series of fluorescence based 
imaging systems for life and material sciences

• Particular focus on high speed confocal and super resolution 
imaging techniques

• Worked with the Shroff lab at the NIH on development of the 
instant SIM (iSIM) Super Resolution Imaging System

• VT-iSIM was first released in 2016

• iSIM is re-sold in the US through BioVision Technologies



VT-iSIM Instant Super 
Resolution Imaging

High Temporal High Spatial Live Cell Imaging

Normal mouse ventricular myocyte. The cell was 
living cell. Flu-4/AM 1uM was loaded into cells 
for 30 min, Peter Lipp et al @ Uni of Saarland

Imaged @ 177Hz (1kx1k)

Single Neuron images at Woods Hole, Tai 
Chaiamarit, Scripps Research Institute

HeLa cells, Tubulin stained with GFP and RNA 
with RFP, Diana Papini @ Newcastle University

12 site Z-T-Series; 64 Z slices per site, 
stack every 3 minutes for 15 hours<125nm XY, <300nm Z Resolution

• High Temporal Resolution, High Spatial Resolution, Live Cell Imaging System
• Without the traditional limitations on Imaging Depth
• Operates as a simple camera based imaging system, set laser power, camera exposure 

and shoot ☺



• The optical resolution of a confocal microscope to a point source emitter is the 
product of the illumination and detection PSF’s

VT-iSIM Instant Super 
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• If we reduce the pin hole size we will have an image with narrower PSF (better 
resolution) but smaller PSF (lower intensity)
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• If we consider displacing this small PH by X then we will have a higher resolved, less 
intense image shifted by X/2 
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• Now consider multiple small pin holes

VT-iSIM Instant Super 
Resolution Imaging



• Now consider multiple small pin holes

• Since a PH shifted by X produces an image shifted by X/2, you can shift and sum the 
resultant image from multiple small pin holes
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• Now consider multiple small pin holes

• Since a PH shifted by X produces an image shifted by X/2, you can shift and sum the 
resultant image from multiple small pin holes

VT-iSIM Instant Super 
Resolution Imaging

• The result is an image with the same resolution as that with a small pin hole but 
recovers all the signal



VT-iSIM Instant Super 
Resolution Imaging

Image Scanning Microscopy, Claus B. Muller and Jorg Enderlein, 
Physical Review Letters, PRL 104, 198101 (2010)

Digital Implementations of ISM
Mueller & Enderlein

Zeiss Airy Scan

MSIM

ZEISS LSM 880 with Airyscan, Revolutionize Your Confocal Imaging, Product 
Information Version 1.0, EN_41_011_082 | CZ 07-2014

York et al., Nat. Methods 9, 749-754(2012)



VT-iSIM Instant Super 
Resolution Imaging

Analogue Implementation of ISM - instant SIM

• The shift and sum in ISM does not have to be a digital process
• Rather than shifting the image of each small PH by X/2 you can simply de-

magnifying the image of each point of emission by 0.5x

• You can then use multi-array scanning techniques similar to SD to sum the de-
magnified image of each point of emission

• The result is a real-time super resolved image
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Small Pin Hole
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VT-iSIM Instant Super 
Resolution Imaging

Phalloidin Mouse Intestine, Dr. Alexander Zhovmer from the Adelstein lab here in NHLBI/NIH

Neural stem cells isolated from the Drosophila brain with tubulin labelled and colour coded for depth. 
These cells have an asymmetric microtubule network in interphase. Microtubules are polymerized from 
an apical organizing centre and run predominantly in a linear direction. 
Dr. Matthew Hannaford, Rusan Lab, NHLBI/NIH
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VT-iSIM Implementation of 
instant SIM

Beam 
Expanding 
Optics

Illumination 
u-lens Array

Emission
u-lens Array

Variable Pin 
Hole Plate

Galvo 
Scanner

Dichroic
Mirror

Emission 
Filter

Fibre 
Input

SampleCamera Scan Lens Scan Lens

Critically; illumination path and 
emission path are de-coupled 

from one another. Hence, there is 
no requirement for any 

intermediate magnification, VT-
iSIM is a 1x relay system allowing 

for high Signal 2 Noise.



VT-iSIM Implementation of 
instant SIM

Comparison of SR-SIM implementations
a, Imaging depth versus imaging speed
b, Lateral versus axial resolution
c, Imaging duration versus excitation intensity
Blue indicates that multiple frames were 
required to reconstruct an SR image
Red indicates that the method was implemented 
optically with relatively simple post-processing 
(e.g., deconvolution)

Faster, sharper, and deeper: structured illumination microscopy for 
biological imaging, Nature Methods, Yicong Wu and Hari Shroff, NIH



VT-iSIM Instant Super 
Resolution Imaging

STED PALM SIM instantSIM

Lateral Resolution 50nm 30nm 120nm 125nm

Axial Resolution 130nm 80nm 300nn 350nm

Temporal Resolution ?? Yawn! 1-2fps 200fps

Max FOV 80x80um 80x80um 80x80um 100x80um

Depth of Imaging 100um+ 1-2um <10um 100um+

Specific Fluorophores Yes Yes No No

Specific Sample Prep Yes Yes No No

High Temporal Live Cell Imaging No No No Yes

Photo Bleaching High n/a Medium Low

Ease of Use Medium Challenging Medium Easy

Quantitative Fluorescence Data Yes No No Yes

Confocal Yes No No Yes

• SIM Resolution on all axis
• No Specific Fluorophore
• Can image beyond the diffraction limit at depth
• Suitable for live cell imaging
• Easy to use – It’s just a camera based imaging system
• Allows the use of regular microscope peripherals such 

as DualCam/FRAP/etc..
• High speed acquisition
• Quantitative fluorescence information as well as high 

spatial resolution
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SD Confocal VT-iSIM



VT-iSIM Instant Super 
Resolution Imaging

Actin filaments in a beating human heart muscle cell Fusion and fission events within Mitochondria – images over 4 minutes

EB1 Labelled Microtubules in a Cell

Dylan Burnette, 
Assistant Professor of 
Cell and Developmental 
Biology, Vanderbilt 
University School of 
Medicine



VT-iSIM Instant Super 
Resolution Imaging

Stereocilia within Zebra Fish Embryo’s

Zebrafish neuromast; all the cells labeled with membrane-bound gfp and the hair cells (which are 
brighter and at the center) have also a bactn-gfp tag
In the video you see only the hair cells, there is no label for all the other cells around them

Adrian Jacobo, The Rockefeller University, Jim Hudspeth Lab (HHMI)

• Stereocilia are imaged through a live Zebra-Fish
• Group were imaging on the OMX but throughput was a major issue due to sample prep
• Also, ease of use of the iSIM allowed for higher repeatability of imaging over traditional SIM
• They were also able to add ablation to the imaging set-up



VT-iSIM Instant Super 
Resolution Imaging

• Myosin acquired at a rate of 1 volume/5s 
• We’re seeing the first cell division in a C. 

elegans embryo
• The strain is LP162 with a CRISPR/Cas9 

generated eGFP insertion into the worm's 
native nmy-2 gene (non muscle myosin II)

• Non-muscle myosin-II particles in the cortex of the 4-
cell embryo

• Acquired at 1 volume per s, 9x slices spaced 0.15 
microns apart

• You can follow individual myosin particles and see 
structure forming and dissolving in the cortex

• Including circular expansion/contraction domains and 
chains of myosin particles

Pavak Shah, Zhirong Bao Lab at Memorial Sloan Kettering Cancer Centre, New York
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VT-iSIM Instant Super 
Resolution Imaging

Fixed Cell Division, HeLa Cell line, data 
set courtesy of Ted Salmon, UNC-CH

HeLa cells during cell division, Tubulin stained with GFP and RNA with RFP, 
data courtesy of Diana Papini at Newcastle University

Live Cell Experiment Configuration;
• 12 site z-stack with 100mS exposures and 64 Z slices per site
• Time series performed loop every 3 minutes for 15 hours

Application required high temporal and high axial resolution as part of a long time lapse experiment, which could only be 
observed at SIM resolution with the VT-iSIM



VT-iSIM Instant Super 
Resolution Imaging

• Spatial Resolution: 125nm Laterally and 300nm Axially

• Temporal Resolution: Scan Speed up to 1000fps, full frame

With sCMOS camera, achievable capture rates are:

200fps @ 1024x1024, 400fps @ 1024x512, 800fps @ 1024x256

• Pin Holes: Selectable from 10-64um

• Dichroic Changer: Automated 3-Position Dichroic Changer

• Emission Filter Changer: Regular 6-Position Emission Filter Changer or high speed (<30mS) 

6-Position Filter Changer available

• Excitation: Up to six solid state lasers selectable from within the visible range

Illumination intensity and laser line selection controlled via software

• FRAP: Internal and External FRAP add-on’s available

• Automated BF by-pass: BF by-pass mode available enabling WF imaging onto same camera

• Sync: Perfect camera sync comes as standard

• Available Peripherals: * Can be integrated with any inverted research grade microscope

* Dual Cam available for simultaneous multi-colour imaging

* Can be integrated with 3rd Party FRAP/Ablation Systems

* Can be integrated with 3rd party optical traps, etc…

* Other 3rd party integrations such as Rheometer, Adaptive Optics, etc… 
are also possible
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Image from Dr. Alexander Zhovmer, the Adelstein lab, NHLBI/NIH
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Instant super-resolution imaging in live cells and embryos via 
analog image processing

Andrew G. York1, Panagiotis Chandris2, Damian Dalle Nogare3, Jeffrey Head3, Peter 
Wawrzusin1, Robert S. Fischer4, Ajay Chitnis3, and Hari Shroff1

1Section on High Resolution Optical Imaging, National Institute of Biomedical Imaging and 
Bioengineering, National Institutes of Health, Bethesda, MD, USA
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Bethesda, MD, USA

3National Institute of Child Health and Human Development, National Institutes of Health, 
Bethesda, MD, USA

4National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD, USA

Abstract

Existing super-resolution fluorescence microscopes compromise acquisition speed to provide 

subdiffractive sample information. We report an analog implementation of structured illumination 

microscopy that enables 3D super-resolution imaging with 145 nm lateral and 350 nm axial 

resolution, at acquisition speeds up to 100 Hz. By performing image processing operations 

optically instead of digitally, we removed the need to capture, store, and combine multiple camera 

exposures, increasing data acquisition rates 10–100x over other super-resolution microscopes and 

acquiring and displaying super-resolution images in real-time. Low excitation intensities allow 

imaging over hundreds of 2D sections, and combined physical and computational sectioning allow 

similar depth penetration to confocal microscopy. We demonstrate the capability of our system by 

imaging fine, rapidly moving structures including motor-driven organelles in human lung 

fibroblasts and the cytoskeleton of flowing blood cells within developing zebrafish embryos.

Introduction

Modern fluorescence microscopy combines contrast, molecular specificity, speed, and 

biocompatibility to enable the visualization of live cellular processes. Unfortunately, 
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diffraction limits the resolution of a widefield fluorescence microscope to ~250 nm laterally 

and 500–750 nm axially, and achieving even this ‘diffraction-limited’ performance is 

difficult in practice. Super-resolution imaging techniques1 overcome this difficulty, yet 

speed, imaging duration, and field of view are severely compromised in existing 

implementations, especially when compared to conventional microscopy. For example, 

single-molecule imaging2,3 or stimulated emission depletion microscopy (STED)4 enable 

sub-100 nm spatial resolution over cellular areas, but are limited to imaging speeds of 

~0.01–1 Hz (with faster imaging trading field of view and image quality for speed5). Neither 

single-molecule imaging nor STED is currently practical for time-lapse volumetric imaging, 

due to the low acquisition speed and phototoxic illumination intensities (104 – 107 W/cm2 

peak intensities, tens of mW average power).

In contrast to single-molecule imaging and STED, linear structured illumination microscopy 

(SIM)6,7 provides a more modest resolution increase (√2 better than the diffraction limit, 2-

fold better after deconvolution) but requires 103 – 106 lower illumination intensities, 

provides much faster acquisition rates (up to 11 Hz in 2D8 and 0.2 Hz in 3D9), and 

computationally rejects out of focus light originating elsewhere than the focal plane. These 

advantages enable optically-sectioned super-resolution imaging over hundreds of 3D 

timepoints. Using a sparse lattice of excitation points in combination with pinholes in the 

emission path and appropriate image processing (ref.10–13, Supplementary Note 1) confers 

the further advantage that out-of-focus light may be physically rejected, extending the depth 

penetration of SIM and allowing live super-resolution imaging at depths ~50 μm from the 

coverslip surface (‘multifocal SIM’ or MSIM13). Regardless of the specific implementation, 

all previous efforts illuminate the sample with ~10–100 excitation patterns, acquire one 

camera exposure per pattern, and digitally combine the resulting images to produce a single 

2D super-resolution image. The need to capture and combine many raw images per plane 

has fundamentally limited the speed of SIM relative to conventional microscopy.

We report an analog implementation of structured illumination microscopy that doubles the 

spatial resolution of a fluorescence microscope, with no tradeoff in speed, phototoxicity, or 

field of view. By eliminating the need to acquire and digitally combine multiple camera 

exposures, our method removes the only drawback of SIM compared to conventional 

fluorescence microscopy and permits super-resolution image acquisition and display in real 

time. Our technique enables multicolor volumetric imaging at rates comparable or faster 

than line-scanning or spinning disk confocal microscopy, permitting inspection of sub-

mitochondrial detail otherwise obscured by diffraction or motion-blur. We further 

highlighted the advantage of our method relative to existing SIM implementations by 

performing noninvasive super-resolution imaging of interacting protein distributions at 

volumetric rates 15x faster than previously reported. Finally, we demonstrate super-

resolution imaging at unprecedented speed by visualizing cytoskeletal detail within flowing 

blood cells in vivo (at 37 Hz) and capturing the millisecond-scale remodeling and growth of 

the endoplasmic reticulum (ER, at 100 Hz).
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Results

Analog image processing for instantaneous super-resolution

The key realization underlying our approach is that every step of the digital combination in 

MSIM (fully explained in Supplementary Note 1) may be performed optically, in an analog, 

effectively instantaneous fashion. MSIM data acquisition and processing may be 

conceptually divided into multiple steps: (i) sparse, multifocal illumination of the sample; 

(ii) recording the resulting fluorescence image with a camera; (iii) digital pinholing to reject 

out-of-focus emission; (iv) digital 2x contraction of each pinholed emission (without 

changing overall image dimensions); (v) repetition of steps (i–iv) at different positions of the 

multifocal excitation pattern until the entire field has been illuminated; (vi) digital 

summation of the resulting images to generate a super-resolution image with √2 improved 

resolution; (vii) deconvolution to recover the full 2x resolution improvement. Here we 

implement steps (i–vi) entirely in hardware (Fig. 1): using (I) a microlens array to generate a 

multifocal excitation pattern; (II) a matched pinhole array to reject out-of-focus emissions; 

(III) a matched microlens array to locally contract each pinholed emission; (IV) a 

galvanometric mirror to translate the excitation pattern and sum the fluorescence emissions 

resulting from (I–III) prior to image collection with a camera.

Our instantaneous structured illumination microscope (‘instant SIM’, Supplementary Fig. 1–

6) directly captures optically-sectioned images with √2 improvement in resolution in a single 

camera exposure, producing resolution doubled images after deconvolution. As in MSIM, 

imaging Alexafluor 488-labeled microtubules in a fixed, human osteosarcoma (U2OS) cell 

with instant SIM revealed an apparent microtubule width of 150 nm, doubling widefield 

resolution and allowing us to resolve microtubules with 110 nm center-to-center separation 

(Supplementary Fig. 7). We confirmed this result on 100 nm fluorescent beads (145 +/− 14 

nm, N = 10), also obtaining the previously reported ~2x increase in axial resolution (356 +/− 

37 nm) enabled by SIM (Table 1, Supplementary Figs. 8–9).

Rapid and non-invasive 3D super-resolution imaging

To demonstrate the capability of instant SIM for time-lapse interrogation of whole cellular 

volumes, we imaged a variety of dynamic protein distributions in transformed human lung 

fibroblasts. For example, we created a GFP chimera of TFAM, a mitochondrial DNA 

transcription factor that also acts to package mitochondrial DNA in nucleoids14 and imaged 

it along with Tom20-mCherry, a member of the translocase multimeric complex of outer 

mitochondrial membrane that functions to selectively transport proteins from cytosol into 

the mitochondrial intermembrane space (ref.15, Fig. 2a, Supplementary Video 1). The speed 

of instant SIM enabled us to collect each 2-color, 3 μm thick volume in 1.2 s (~15x faster 

than previous multicolor volumetric SIM on samples of equivalent thickness16), clearly 

resolving even fast-moving mitochondria that migrated at rates of 0.5 – 1 μm/s (Fig. 2b). 

Our resolution was sufficiently high to discern internal voids within most mitochondria 

(evident in the Tom20 channel, Supplementary Fig. 10). TFAM nucleoids (puncta sized at 

our resolution limit, in accordance with other super-resolution experiments on fixed cells17) 

were engulfed within mitochondrial voids (Fig. 2b), an observation confirmed in axial views 

of the sample (Fig. 2c). To our knowledge, STED is the only other super-resolution 
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technique that has been used to reveal the absence of Tom20 from the inner mitochondrial 

space18,19, yet these experiments were performed on fixed cells, presumably due to STED’s 

slow acquisition speed or phototoxicity.

Functionally and conceptually, instant SIM is much like a spinning disk confocal 

microscope with higher resolution, so we compared our method to this popular, proven 

technology. For two-color volumes of equivalent thickness, our spinning disk system was 

~10-fold slower than instant SIM (Supplementary Video 2), and both lateral and axial 

resolutions were worse than instant SIM (Fig. 2d–f, Table 1, and Supplementary Fig. 8–9). 

With (Fig. 2e) or without (Supplementary Fig. 11) deconvolution, the resolution of our 

spinning disk was insufficient to observe sub-mitochondrial voids (Supplementary Fig. 12) 

and blurred nucleoids enough that they often appeared as continuous, not discrete, entities 

(Fig. 2e–f). We also performed a comparison to a fast line-scanning confocal microscope 

that enabled imaging at similar volumetric acquisition rates to instant SIM (Fig. 2g–i, 

Supplementary Video 3). As with the spinning disk, with (Fig. 2h) or without 

(Supplementary Fig. 11) deconvolution mitochondrial voids were obscured (Supplementary 

Fig. 12). Furthermore, the loss in axial resolution relative to instant SIM was enough that the 

enclosure of TFAM by Tom20 was completely masked by diffraction (Fig. 2i, Table 1, 

Supplementary Figures 8–9).

The low intensities employed in instant SIM (~5–50 W/cm2) allowed us to volumetrically 

image suitably bright samples over tens of timepoints without obvious photobleaching or 

signs of photodamage such as membrane retraction or blebbing. For example, we visualized 

the dynamics of abundant H-Ras and Rab8A GTPases that are key players in growth factor 

signaling cascades and intracellular trafficking20, over 60 – 100 imaging volumes 

(Supplementary Videos 4–5). Instant SIM revealed the formation and movement of tubular 

endosomes, and also highly mobile small vesicles in proximity to the basal membrane 

(Supplementary Video 5). In light of emerging interest for interaction of peroxisomes with 

mitochondria21, we performed live imaging of GFP labeled peroxisomes in conjunction with 

Tom20-mCherry (Supplementary Video 6). Strikingly, our spatiotemporal resolution also 

allowed us to visualize rapid interactions of peroxisomes with mitochondrial spheroids 

(Supplementary Video 7). Finally, we used the ER-peroxisome escort protein GFP-SEC16B 

and imaged its interactions with mCherry labeled peroxisomes (Supplementary Video 8), 

observing ‘kiss and run’ interactions between these two partners, most likely representing 

transfer of material from ER to peroxisomes (Supplementary Video 9, ref.22). In all cases, 

our acquisition rate was at least 15x faster than other SIM implementations9,16.

Faster than video-rate super-resolution imaging

In order to fully exploit the speed of instant SIM, we recorded dynamics of the endoplasmic 

reticulum in a single 2D plane at 100 Hz, over hundreds of timepoints ((Fig. 3a, 

Supplementary Video 10). We chose the ER due to its highly plastic nature and rapid 

movement23. Our frame rate allowed easy observation and quantification of the rapid 

growth (~3.5 μm/s, white arrows in Fig. 3b) and remodeling (blue arrows) of individual ER 

tubules. We also observed the formation and growth of new ER tubules, events that occurred 

in < 140 ms (Fig. 3c) and that would have been blurred in any other SIM implementation, 
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even at the very fastest 2D frame rates reported8. We note that our imaging rate is 50x faster 

than other methods that record ER dynamics at similar effective resolution24, despite the 40x 

larger imaging area we cover.

An advantage of instant SIM is that its combination of computational and physical optical 

sectioning enables super-resolution imaging at sample depths ~10x deeper than possible 

with other SIM implementations13. We used this feature to image blood flow 20–25 μm 

from the coverslip surface, within cranial vessels of 3 day old zebrafish embryos expressing 

a GFP transgene that labeled microtubules. Our imaging rate of 37 Hz was fast enough to 

‘freeze’ individual blood cells, revealing subcellular detail despite their rapid movement (25 

μm/s, Fig. 4, Supplementary Video 11). Some blood cells displayed ‘tails’ (yellow arrows, 

Fig. 4) composed of multiple microtubules (yellow arrowheads), in addition to intracellular 

microtubules that spanned the cell body (red arrowheads). In at least some cases, 

microtubule bundles are splayed apart, revealing what are likely to be individual 

microtubules, as suggested by their sparse labeling. We speculate that these cells with tails 

may be neutrophils, as the tails appeared visually similar to ‘sling’ structures that help 

neutrophils roll in the presence of high shear forces25, although the identity of these cells 

awaits confirmation.

Discussion

Relative to previous forms of structured illumination microscopy that provide comparable 

resolution, optical sectioning, and depth penetration13, instant SIM is 100x faster. Taking 

into account processing time, the speedup factor exceeds ten thousand. Due to its near-

instantaneous acquisition and display, instant SIM enables imaging at rates exceeding state-

of-the art commercial confocal microscopes, but with better resolution. Relative to STED 

and single-molecule imaging techniques, instant SIM is orders of magnitude faster over 

comparable fields of view. Nevertheless, spatiotemporal resolution, light efficiency, and 

depth penetration could be further improved.

Our 3D acquisition speed is limited by the inertia of our sample stage, but optical refocusing 

strategies26 circumvent this problem and could enable higher volumetric frame rates. Our 

optical setup is reminiscent of a swept-field confocal system27 with a single additional 

optical element (the microlens array in the emission path). This implies that commercial 

hardware might be easily modified to provide instant SIM capability, yet the 

correspondingly large number of optics in the emission path reduces signal levels and thus 

the maximum possible acquisition speed. We note that the multifocal excitation, pinholing, 

and local contraction operations necessary in instant SIM might be performed in a spinning-

disk confocal geometry with many fewer emission optics, improving speed and signal levels 

accordingly. Using multifocal excitation necessarily implies a lower degree of optical 

sectioning than excitation with a single focused beam, due to pinhole cross-talk. Indeed, at 

the pinhole spacing we chose, instant SIM provided sectioning similar to spinning disk 

confocal microscopy and inferior to point- or line-scanning confocal microscopy 

(Supplementary Fig. 13). Sectioning strength and depth penetration would be improved if 

pinholes were spaced further apart, or if multiphoton excitation were used. Finally, if 

fluorescence emission is made to depend nonlinearly on excitation intensity, spatial 
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resolution could be further increased28,29. The combination of photostable, reversibly-

switchable fluorescent proteins24,30 with an instant SIM optical design may thus enable 

video-rate super-resolution imaging in the sub-100 nm regime.

Online Methods

Instant SIM Instrumentation

All optics were bolted to a 4′ × 8′ × 8″ optical table (Newport) in order to minimize external 

vibrations. A rapid automated modular microscope (Applied Scientific Instrumentation, 

RAMM-FULL-INVAR) served as the microscope body that housed sample, objectives 

(Olympus, PlanApo, NA 1.45 TIRF, for single cells, or UPLSAPO 60XS, NA 1.3 silicone 

oil, for zebrafish embryos samples), and automated XY stage equipped with Z axis piezo 

(Applied Scientific Instrumentation, PZ2300) that moved the axial position of the sample 

relative to the objective. For exciting fluorescence, two lasers were used: a 1W, 488 nm 

laser and a 0.5 W, 561 nm laser (Coherent, Genesis MX488-1000 STM and Genesis 

MX561-500 STM). Lasers were combined via a dichroic mirror (DC, Semrock, 

LPD01-488RU-25) and passed through an acousto-optical tunable filter (AOTF, AA 

Optoelectronic, Quanta Tech, AOTFnC-400.650-TN) for shuttering control. The intensity of 

each laser was maximized by tuning the rotation of half wave plates (Thorlabs, 

WPH10M-488 and AHWP05M-600) placed in front of each laser. After the AOTF, the 

beams were expanded 8.9x with a beam expander (Edmund, f = 45 mm, 64–837 and 

Thorlabs, f = 400, AC254-400-A), and passed through a converging microlens array (Amus, 

f = 1.86 mm, 1 mm thick, 25 mm diameter, antireflection coated over 400–650 nm, APO-Q-

P222-F1.86), compensator plate (CVI Melles-Griot, PW1-2025-UV) and 6 mm thick 

dichroic mirror (TDC, Iridian Spectral Technologies, 488–561 DM). The compensator plate 

was used to cancel astigmatism that would otherwise arise when the focused beamlets 

passed through the tilted dichroic mirror. The resulting multifocal illumination was 

reimaged with a 1:1 telescope, consisting of 2 scan lenses (Scan lens 1 and 2, Special Optics, 

f = 190 mm, 55-S190-60-VIS) placed in a 4f configuration. An additional demagnification 

of 116.7x was achieved by reimaging the resulting excitation to the sample plane with tube 

lens (Edmund, f = 350 mm, NT49-289-INK) and objectives (f = 3 mm), also placed in a 4f 

configuration, and aligned so that the rear focal plane of the tube lens coincided with the 

front focal plane of Scan lens 2. Rotations of a 2-sided galvanometric mirror (Galvo, 

Nutfield Technology, QS-12 Galvo-Based Single-Axis Scan Set, P-PWR15 (power supply), 

S-0152 (Connector Kit), 10-2564 (mounting block); and Sierra Precision Optics, SPO9086 

Rev B X-Mirror, double-coated) placed midway between each scan lens served to translate 

the multifocal array at the sample plane, thus covering the imaging field.

Several of these optics were reused for emission, as fluorescence was collected along the 

same path, through objective, tube lens, scan lenses 1 and 2, and galvanometric mirror, 

before reflection from the 6 mm thick dichroic mirror. Since the galvanometric mirror 

introduced an equal and opposite rotation angle on the return path (‘descanning’), the 

multiple fluorescence foci produced at the focus of scan lens 1 were stationary. A pinhole 

array, with pinhole spacing equivalent to the spacing between microlenses in the converging 

microlens array (Photosciences, Chrome on 0.090″ thick quartz, 222 μm pinhole spacing, 40 
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μm pinhole diameter) placed at the front focal plane of scan lens 1 served to reject out-of-

focus fluorescence emission present around each fluorescent beamlet. The resulting filtered 

beamlets were relayed to a secondary microlens array via a 1:1 imaging telescope (Relay 

lenses, Thorlabs AC508-300-A-ML) and focused through a second microlens array (Amus, f 

= 0.93 mm, 1 mm thick, 25 mm diameter, antireflection coated over 400–650 nm, APO-Q-

P222-F0.93) that locally contracted each fluorescent focus 2x, while preserving the 

orientation of each foci (see further discussion below and Supplementary Fig. 3). The locally 

scaled multifocal array thus produced was reimaged to a scientific grade complementary 

metal-oxide semiconductor camera (PCO-TECH, pco.edge) via additional scan lenses (Scan 

Lenses 3 and 4, Special Optics, f = 190 mm, 55-S190-60-VIS) placed in a 4f configuration. 

By placing the galvanometric mirror at the midpoint between scan lenses, fluorescence was 

rescanned onto the camera, producing a super-resolution, sectioned image of the sample 

plane. A filter wheel (Sutter, FG-LB10-BIQ and FG-LB10-NW) and notch filters (Semrock, 

NF03-488E-25 and NF03-561E-25) placed immediately before the cameras served to reject 

excitation laser light. These optical elements are shown in Supplementary Fig. 1.

Our magnification of 116.7x resulted in an imaging pixel size of 55.5 nm. Excitation power 

varied between 5–50 W/cm2 depending on the particular sample.

Placement of the second microlens array

In order to achieve a 2x local contraction of each fluorescent focus in the descanned path 

while retaining the orientation of each focus, we placed the second microlens array one focal 

length before the image that would have been produced by Scan lens 3 had we not placed 

the second microlens array in the optical path. The justification for this choice can be 

derived mathematically starting from the Gaussian form of the thin lens equation:

Where o is the object position, i the image position, and f the focal length of the lens. The 

magnification M = −i/o

We desire that M = 0.5, i.e that the image of each fluorescent foci is a locally contracted but 

upright (non-inverted) version of the foci prior to passage through the microlens array. 

Substituting i = −0.5 o in the lensmaker equation implies that o = −f (the object is virtual, 

placed one focal length away from the microlens array on its downstream side) and i = − 0.5 

f (the image is formed 0.5 f from the microlens array, on the same side as the object). A 

geometric proof is presented in Supplementary Fig. 3.

Brightfield Imaging

The instant SIM produces an optically sectioned fluorescence image at the camera, but we 

often found it useful to acquire widefield (non-sectioned) brightfield images for scouting 

purposes. We implemented brightfield imaging by illuminating the sample from above with 

a lamp (Danray Products LMP-24M), and directing the transmitted light to the camera with 

removable mirrors (Thorlabs, MFF001), bypassing most of the optics in the fluorescence 

path (Supplementary Fig. 2).
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Alignment of Instant SIM Optics

Most optics in Supplementary Fig. 1 are straightforward to align. The most sensitive 

alignment involves finding the correct rotation angle of the emission path microlens array 

about the optical axis. The instant SIM ‘paints’ a 2D image with a 1D scan of a 2D grid of 

illumination points, so the angle between the grid axes and the scan direction is critical for 

uniform illumination of the image. Small rotations (barely mechanically perceptible) of the 

emission path microlens array from its optimal position can cause substantial striping 

artifacts in our images. In practice, we find the best alignment procedure is to image a thin, 

uniform fluorescent solution while carefully adjusting the rotation angle of the emission path 

microlenses and inspecting the resulting images for striping. The emission path pinholes and 

the excitation microlenses can then be (re)aligned to the emission path microlenses as 

required, since all three of these optics are mounted on removable magnetic stages 

(Thorlabs, KB3X3). One aligned, the system is stable and maintenance-free.

Instant SIM Instrument Control and Data Acquisition

Our previous MSIM implementation13 controlled data acquisition with a custom Python 

script, but relied on manufacturer-supplied software and manual adjustment of hardware for 

exploring samples and identifying regions of interest. This is simple to implement and 

allows high-performance acquisition, but requires well-trained users and often leads to 

substantial bleaching of the sample during the scouting process. The instant SIM is 

substantially faster, and a unified graphical interface was essential for taking full advantage 

of the device’s capability for real-time super-resolution while minimizing sample 

perturbation. The instant SIM hardware is computer-controlled using custom software 

written in the Python language (ref.31 and www.scipy.org), and is freely available at 

code.google.com/p/msim.

We implemented graphical controls using the built-in Python library Tkinter. Image data is 

displayed in real time, on-screen using the Python libray pyglet (http://www.pyglet.org/). 

Three-dimensional volume data and timelapses are saved to disk as TIF files, and 

automatically opened in ImageJ (http://rsb.info.nih.gov/ij/) as virtual stacks. We controlled 

the pco.edge camera using a manufacturer-supplied DLL and the built-in Python library 

ctypes. The Sutter filter wheel is controlled through a virtual serial port over USB, and the 

X/Y positions of the ASI stage and the Z-position of the ASI objective stepper motor are 

interrogated through a physical serial port. Both the virtual and physical serial ports are 

controlled using the Python library pyserial (http://pyserial.sourceforge.net/). The 

galvanometric mirror, AOTF, piezo stage, brightfield bypass mirrors, and trigger signals to 

the PCO camera are all controlled by external voltages. A 16-channel analog-out card 

(National Instruments, NI 9264) provides these voltage signals, and is controlled through a 

manufacturer-supplied DLL and the Python ctypes library.

The camera and the AOTF have low input impedance. The analog-out card specifications 

lead us to believe that it could drive enough current to work with this impedance, but in 

practice we found this false. We thus built a buffer amplifier using an op-amp, box, and 

power supply (Radio Shack) to provide enough current to drive the camera, two channels of 

the AOTF, and the AOTF blanking input.
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High-speed operation of the instant SIM requires careful optimization of control voltages. 

Supplementary Fig. 4 shows an example of control voltages for a 5-timepoint, 2-color 

timelapse acquisition. Several features of these voltage signals are worth noting:

• Even in the fully ‘off’ state, the AOTF still transmits a non-negligible fraction of 

the excitation laser, so between acquisitions, we leave the galvo mirror ‘parked’ in 

a highly deflected position to protect the sample from unnecessary phototoxicity. 

The ‘unparking’ of the galvo takes the longest time, so this occurs first.

• We operate the pco.edge camera in ‘rolling shutter’ mode, which provides lower 

noise and higher speed relative to ‘global shutter’ mode. However, in rolling 

shutter mode, a lag exists between the external trigger signal and the moment when 

the entire camera chip is exposing. This lag is shorter than the galvo ‘unparking’ 

time, so it occurs next.

• The galvanometric mirror vibrates if it scans too slowly, causing a substantial 

striping artifact in image data. For this reason, we only tune galvo scan speed over 

a narrow range, and implement longer exposures by accumulating several sweeps 

of the galvo. In Supplementary Fig. 4, the galvo executes three sweeps per 

exposure. Between exposures, the galvo waits in a deflected position for whatever 

operation is the limiting factor. In this case, the rolling shutter mode time lag is the 

limiting factor between timepoints.

• The 488 and 561 lasers alternately illuminate the sample, providing fast 2-color 2D 

timelapse operation. All our experiments (as illustrated in Supplementary Fig. 4) 

used maximally permissive notch emission filters that eliminate 488 nm and 561 

nm excitation light while transmitting all other wavelengths. This combination of 

filters works well for probes which may be distinguished by excitation alone, such 

as GFP and mCherry at similar probe density. A sample brightly tagged with td-

Tomato and weakly tagged with GFP might show substantial crosstalk between 

channels, and require switching between two bandpass filters for each timepoint. 

The filter wheel we used has reasonably fast switching time (~10–50 ms), but 

switching between filters would still slow acquisition substantially.

Supplementary Fig. 5 shows an example of control voltages for a 4-slice, 2-color Z-stack. 

Voltages are similar to the 2D 2-color timelapse, with a few differences:

• The Z axis piezo stage control voltage is no longer constant. The piezo can be 

controlled through the serial port or an external voltage, but we found the external 

voltage control faster and more precise. The manufacturer specifies that a 5 volt 

signal will move the piezo to the same position as a serial port command of ‘0’, but 

we found the required ‘0’ signal to be 5.08 volts. It is unclear whether this 

difference is due to the Z axis piezo or our analog-out card.

• The limiting factor between timepoints alternates between the rolling shutter mode 

time lag, and the time period we allow for axial motions of the Z piezo stage. We 

allow a ~10 ms delay for stage motion. Moving the piezo stage this rapidly requires 

careful optimization of the voltage waveform, as we found that fast movements of 

the piezo would otherwise cause substantial vibration with a resonant period of 
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~7.5 ms. A naive approach might simply move the piezo and wait for vibration to 

damp out, but we found this takes many tens of ms, and would thus limit the speed 

of our Z-stacks. An improved approach might feed the piezo stage a smoothed 

signal to reduce vibration, but we found this still leads to unacceptable vibration 

over many resonant periods. The best approach we found applies three voltage 

steps per Z piezo motion. Supplementary Fig. 6 shows a zoomed view of our piezo 

control voltage.

The first voltage step overshoots the desired position, causing faster motion of the stage but 

also substantial vibration. The second voltage jump overshoots even further, and causes 

further vibration. However, these two motions are separated by half of the resonant vibration 

period, so the vibrations largely cancel. The last voltage jump brings us back to the desired 

voltage, separated by another half-resonant period. We experimented with various jump 

amplitudes, and found the fastest motion with least vibration resulted when the first jump is 

twice as large as the desired motion, the second jump takes the stage to 2.4x the desired 

motion, and the final jump returns the stage to the desired position. The combination of 

voltage overshoot and vibration cancellation allows us to move the stage rapidly and 

precisely in just over one resonant vibrational period.

All volumes presented in this paper contained 12 imaging planes, with 0.25 μm spacing 

between planes.

Deconvolution

Although the raw images produced by instant SIM already possess improved resolution 

relative to conventional widefield fluorescence images, achieving the full 2x resolution gain 

in SIM requires deconvolution.

For all 3D deconvolution (Fig. 2, Supplementary Videos 1–9, we used the Richardson-Lucy 

algorithm32,33, assuming a symmetrical PSF:

For i = 1, 2, .... N

End

where Blur() indicates convolution with the PSF. We assumed theoretical Gaussian PSFs 

with lateral and axial FWHMs derived from measurements on 100 nm yellow green beads 

(Table 1 lists the parameters used for instant SIM, line-scanning confocal and spinning disk 

confocal images), and ran each deconvolution for 40 iterations. For 2D deconvolution, we 

used the Huygens deconvolution software (Scientific Volume Imaging) which seemed to 

give better results than our deconvolution algorithm. For deconvolving ER datasets (Fig. 3), 

we used the following parameters: ‘confocal’ PSF type, 55.5 nm pixel dimensions, 1.45 NA 

objective, 1.51 immersion oil index of refraction, 1.33 index of refraction of the imaging 

media, and 40 iterations. For deconvolving fish embryo datasets (Fig. 4), we used the 
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following parameters: ‘confocal’ PSF type, 55.5 nm pixel dimensions, 1.3 NA objective, 1.4 

immersion oil index of refraction, 1.33 index of refraction of the imaging media, and 40 

iterations. It is unclear what the Huygens processing algorithm is, but we suspect it is 

Richardson-Lucy deconvolution with presmoothing and a regularization step.

Image Display

All movies were bleach-corrected using an ImageJ plugin that normalized the intensity 

values in each image to the average intensity present in that image. The plugin is available 

online here: http://www.embl.de/eamnet/html/bleach_correction.html

For Figure 3, images were displayed using the ‘HotRed’ look up table for ImageJ. All other 

images are presented in grayscale.

Molecular biology and cloning procedures

In order to label peroxisomes we replaced the mTurqoise2 fragment with the GFP or Cherry 

fragment as NheI/BsrGI in frame in the peroxisome targeting vector (ref.34, Addgene).

Endoplasmic reticulum was labeled with two constructs marking either the whole ER entity 

or the transitional ER exit sites for dual labeling with peroxisomes. For whole ER we used 

the translocon subunit SEC61A1. Human SEC61A cDNA was obtained from ASUS 

repository (Arizona State University) (clone HsCD00350497) and subcloned by PCR into 

the EGFP C1 vector as SalI/KpnI using the following set of primers: SEC61A Forw 

ACAGTCGACATGGCAATCAAATTTCTG; Sec61A Rev 

ATAGGTACCTTAGAAGAGCAGGGCCCCC. For the labeling of transitional ER exit 

sites we used the Sec16B-GFP (pmGFP-Sec16S, ref.35) chimera (obtained from Addgene).

Labeling of mitochondrial subunits with fluorescent proteins was performed by tagging the 

precursors at the c-terminus. The outer mitochondrial membrane was labeled with the 

human Tom20 subunit of the translocator with mCherry and for mitochondrial nucleoids we 

used the mouse mitochondrial Transcription Factor A (TFAM). Untagged cDNAs were 

obtained from Origene and the coding sequences were PCR amplified digested with BglII/

Sac-1 and subcloned in frame into pmCherry-N1 or EGFP-N1 vectors (Clontech). For PCR 

amplification we used the following sets of primers: Tom20 Forw 

CACAGATCTATGGTGGGTCGGAACAGCGC; Tom20 Rev 

ATAGAGCTCTTCCACATCATCTTCAGCC; TFAM Forw 

CACAGATCTATGGCGCTGTTCCGGGGAAT; TFAM Rev 

ATAGAGCTCATGCTCAGAGATGTCTCCGG.

Rab8A tagged with Cherry was a kind gift of Dr. Lymarie Maldonado-Baez (NHLBI, NIH). 

H-Ras was obtained from a cDNA library created from MRC-5 human lung fibroblasts by 

RT-PCR procedures using the Superscript kit (Life Technologies) and the following 

primers: H-Ras Forw TTCGAATTCAGAGGAGCGATGACGGAATATAAGCTGGT; H-

Ras Rev GGTGGATCCCGGGGTGACTGGGCTCCAGCAG. The cDNA was cloned in 

frame as EcoRI/BamH1 in the EGFP C1 vector tagging the molecule at the N-terminus.
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Bead and fluorescent slide samples

Bead samples were prepared as previously described13, except that we mounted the beads in 

the immersion oil used for each microscope. When conducting optical sectioning 

experiments (Supplementary Fig. 13) we acquired z stacks of a yellow-green, thick 

fluorescent plastic slide (Chroma Technology, 92001).

Cell culture and cellular sample preparation

Routine cell culture procedures were followed, keeping cells in DMEM supplemented with 

10% FBS (Life technologies) in a CO2 supplied incubator (5%) at 37°C. Experiments were 

performed in a human transformed cell line designated as MRL-TR. This line was derived 

from primary lung MRC-5 fibroblasts (ATCC). For live imaging, cells were plated in either 

4-well chambers (Labtek II) with coverglass bottoms, or in Bioptechs dishes (#1.5 glass 

thickness in either case). DMEM supplemented with 10% FBS (without phenol red) was 

used as the imaging medium in all live cell experiments. Data collection for Fig. 2, Fig. 4, 

and Supplementary Videos 1–9, 11 was performed at room temperature. For ER 

experiments (Fig. 3, Supplementary Video 10), we used a Bioptechs Delta T system to 

perform experiments at 37°C.

Comparative confocal microscopy

We performed line-scanning confocal imaging on a Live 5 duoscan microscope (Zeiss), 

equipped with galvanometric scanning mirrors and 488 nm (for GFP excitation) and 561 nm 

(for Cherry excitation) diode lasers. A Planapo 100X oil immersion lens with 1.46 NA 

(Zeiss) was used for line-scanning confocal imaging. The confocal aperture was set to 1 AU 

for both colors, Kalman averaging was set to 2, and scanning speed ranged from 20 to 40 

frames per second (fps) depending on the intensity of the signal. In order to obtain imaging 

speeds equivalent to instant SIM, scanning was performed at a field of view of 512×512 

pixels, yielding a pixel size of 130 nm. Acquisition was simultaneous with appropriate pre-

acquisition single channel corrections for cross excitation, bleed through and saturation. A 

565 nm RTNT1 NFT dichroic mirror was used to split emitted light and direct it into 

appropriate acquisition channels using a BP 495–555 nm (bandpass) filter for GFP emission 

and a LP 580 nm (longpass) filter to detect signal from mCherry. For z stacks, a piezo focus 

lens positioner (Physik Instrumente, P-725.2CD and E-665) was used to obtain 250 nm axial 

steps, thus obtaining 12 slices (for 3 μm depth, identical to instant SIM imaging).

Spinning disk confocal imaging was performed on a TE2000 microscope stand (Nikon) 

equipped with CCD (Photometrics CoolSnap HQ2) and CSU- X10 spinning disc confocal 

head. Images were acquired using a 60X, 1.49 TIRF objective (Nikon), with exposure times 

ranging from 20–50 ms per frame. Imaging volumes were acquired using a piezoelectric 

stage (Mad City Labs). All hardware was controlled with MetaMorph (Molecular Devices).

When performing comparative spinning disk, line-scanning confocal experiments, and 

instant SIM experiments (Fig. 2, Supplementary Fig. 11, Supplementary Videos 1–3), we 

fixed the imaging volume thickness (3 μm) and number of timepoints (20) while adjusting 

laser power to produce the brightest signals we could without overly bleaching the sample.
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Zebrafish embryo sample preparation

For live zebrafish imaging, Tg(XlEef1a1:dclk2-GFP)io008 embryos13 were collected by 

natural spawning and maintained at 28°C. Prior to imaging, embryos at 72–78 hpf were 

anesthetized in Tricaine (Sigma, E10521) at a final concentration of 600 mM in embryo 

media (60 mg RedSea Coral Pro Salt (Drs Foster and Smith Pet Supplies) per liter ddH2O). 

Anesthetized embryos were immobilized in 0.75% low-melt agarose (Cambrex, 50080) on 

25 mm #1.5 round coverslips (Warner Instruments, 64-0715), placed in a round coverslip 

holder (ASI, I-3033-25D), and imaged at room temperature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Key steps in implementing instant structured illumination
A converging microlens array is used to produce a multifocal excitation. After exciting the 

sample, out-of-focus fluorescence is rejected with a pinhole array that is matched to the 

microlens array. A 2x local contraction of each pinholed fluorescence emission is achieved 

with the aid of a second, matched microlens array. A galvo serves to raster multifocal 

excitation and sum multifocal emission, producing a super-resolution image during each 

camera exposure (for clarity, only a partial galvo scan is shown in this figure). Raw data 

corresponding to each of these steps: left. Cartoon representation: right. See also 

Supplementary Fig. 1.
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Fig. 2. Instant SIM enables high-speed multicolor super-resolution imaging
Live MRL-TR transformed human lung fibroblasts expressing TFAM-GFP (green) and 

Tom20-mCherry (red) were imaged in instant SIM (a–c), spinning disk confocal (d–f), and a 

fast, line-scanning confocal microscope (g–h). a, d, g: Maximum intensity projections (XY) 

of 3 μm thick volumes are shown, with subregions (white arrows) at indicated timepoints 

shown in higher magnification insets. Note that the line-scanning confocal inset in g has 

been rotated 90 degrees relative to lower magnification view. Scalebars: 10 μm and 1 μm 

(inset). b, e, h: Higher magnification of mitochondria highlighted by white rectangles in a, 
d, g insets. Scalebars: 0.5 μm. c, f, i: Axial (ZY) view of ~270 nm thick slices (yellow lines) 

from a, d, g. White arrowheads indicate TFAM enclosed by Tom20 in instant SIM. 

Scalebars: 1 μm. See also Supplementary Videos 1–3 and Supplementary Fig. 8–12.
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Fig. 3. Instant SIM reveals ER dynamics at 100 Hz
A: First image in 200 timepoint series, showing ER labeled with GFP-Sec61A within MRL-

TR transformed human lung fibroblasts. Data were acquired at the coverslip surface. 

Scalebar: 10 μm. b: Higher magnification view of the large white rectangle in a. White 

arrows mark growth of an ER tubule, blue arrows indicate remodeling of an ER tubule. 

Scalebar: 5 μm. c: Higher magnification view of the small white rectangle in a, indicating 

formation of a new tubule within 140 ms. Scale bar: 200 nm. See also Supplementary Video 

10.
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Fig. 4. Imaging vascular flow with subcellular resolution at 37 Hz
Top panel: maximum intensity projection across 100 2D frames (spanning 2673 ms), 

highlighting GFP labeled microtubules in blood cells located within cranial vessels, 20 μm 

into a 3 day old zebrafish embryo. Direction of motion is from left to right. Sharp cell 

boundaries indicate the absence of motion blur. Scale bar: 10 μm. Bottom panel: Spatial 

regions corresponding to the red boxes in the top panel at indicated times. Yellow arrows: 

‘tail’ structure at the end of the same cell; yellow arrowheads: microtubules feeding into tail; 

magenta arrowheads: microtubules present inside the cell. Scalebars: 2 μm. See also 

Supplementary Video 11.
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Abstract: Spinning-disk confocal microscopy is a proven technology for 
investigating 3D structures of biological specimens. Here we report a super-
resolution method based on spinning-disk confocal microscopy that 
optically improves lateral resolution by a factor of 1.37 with a single 
exposure. Moreover, deconvolution yields twofold improvement over the 
diffraction limit. With the help of newly modified Nipkow disk which 
comprises pinholes and micro-lenses on the front and back respectively, 
emitted photons from specimen can be optically reassigned to the most 
probable locations they originate from. Consequently, the improvement in 
resolution is achieved preserving inherent sectioning capabilities of 
confocal microscopy. This extremely simple implementation will enable 
reliable observations at super high resolution in biomedical routine 
research. 

©2015 Optical Society of America 

OCIS codes: (100.6640) Superresolution; (110.0180) Microscopy; (180.1790) Confocal 
microscopy; (180.2520) Fluorescence microscopy; (180.6900) Three-dimensional microscopy. 
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1. Introduction 

Super-resolution fluorescence microscopy that allows the imaging of details beyond the 
diffraction limit has become an invaluable tool for biologists. Increased spatial resolution can 
be achieved with a variety of advanced methods such as stimulated emission depletion 
(STED) microscopy [1], structured illumination microscopy (SIM) [2] and single-molecule 
localization microscopy (SLM) including photoactivated localization microscopy (PALM) [3] 
and stochastic optical reconstruction microscopy (STORM) [4]. However, drawbacks of 
existing methods such as technical complexity, slow imaging speed and constraints of dye 
choice restrict the extensive use in routine research. 

Confocal fluorescence microscopy, on the other hand, is widely used for its optical 
sectioning ability, simplicity of use and versatility despite the diffraction-limited resolution 
under practical conditions [5,6]. Besides, spinning-disk confocal microscopy has the 
advantages of fast imaging speed and low bleaching rate [5]. In addition, some spinning-disk 
based super-resolution implementations of SLM, SIM and Fresnel incoherent correlation 
holography (FINCH) fluorescence microscopy have been presented [7–9]. 

In a theoretical study in 1988, Sheppard [10] pointed out that confocal microscopy can 
surpass the diffraction limit without sacrificing signal-to-noise ratio. In this technique, 
referred to as image scanning microscopy (ISM) by Müller and Enderlein [11], the confocal 
pinhole is replaced by an imaging detector and each image from the detector is recorded as 
the illumination laser spot scans over the entire field. If we assume an imaging system with 
unity magnification for simplicity, the recorded image at scan position r  is given by 

 I( , ) d U( ) E( )c( )′ ′ ′ ′= − + −r s r r r s r r r  (1) 

where s  is the position on the imaging detector, U( )r  is the detection point spread function 

(PSF), E( )r  is the illumination PSF, and c( )r  is the specimen function describing the 

distribution of emitters. The illumination PSF, E( )′−r r , has its peak at a position r  in the 

specimen plane, whereas the peak of the detection PSF, U( )′− +r r s , is located at +r s . 

Since the peak of the detection PSF is shifted by an amount of s  from the peak of 
illumination PSF, the effective PSF, U( ) E( )′ ′− + −r r s r r , has a peak at the midpoint 

between the peaks of illumination and detection PSFs, namely, / 2+r s  in the specimen plane 
if we neglect the Stokes shift so that U( ) E( )=r r . Therefore, the most probable origin of the 

recorded signal, I( , )r s , is not the detection position, +r s  but / 2+r s  in the specimen plane. 

The idea of ISM is to shift the recorded signals, I( , )r s  back to the most probable locations 

they originate from by an amount of / 2s , and then integrate over s  to construct a specimen 
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image with enhanced resolution. This computational pixel reassignment scheme can be done 
by contracting the recorded images by a factor of two and then integrating contracted images 
at the center position r  to the resultant specimen image. The specimen image of ISM is given 
by 

 ( )ISMI ( ) d I( / 2, ) d d U( / 2) E( / 2) c( ).′ ′ ′ ′= − = − + − −  r s r s s r s r r s r r s r  (2) 

Substituting 4 2 2 ′= − +s v r r leads 

 ( )ISMI ( ) d 4 d U(2 ) E(2 2 2 ) c( ).′ ′ ′= − − r r v v r r v r  (3) 

Therefore, the PSF of ISM is given by 

 ISMU ( ) 4 d U(2 ) E(2 2 ).= −r v v r v  (4) 

Equation (4) shows that the PSF of ISM is equal to the original detection PSF convolved with 
the illumination PSF and then rescaled to half size. If we neglect the Stokes shift so 

that U( ) E( )=r r and assume a Gaussian shaped PSF, ( )2 2U( ) exp / (2 )σ= −r r  where σ  is 

standard deviation, the integral can be solved analytically: 

 ( )2 2
ISMU ( ) 2 π exp / .σ σ= −r r  (5) 

Therefore, we obtain a lateral resolution improvement by a factor of √2 what we would expect 
for confocal imaging with a closed pinhole. Moreover, Sheppard et al. [12] presented the 
effects of the size of the imaging detector of ISM which corresponds to pinhole size of 
confocal imaging. In case of infinitely small detector which is equivalent to confocal imaging 
with a closed pinhole, the lateral resolution improves by a factor of 1.39 over conventional 
microscope, but at the cost of losing light to form a visible image. However, the resolution of 
ISM slightly improves monotonically with the increase of the detector size in contrast to 
confocal imaging whose resolution deteriorates with the increase of pinhole size. In case of 
infinitely large detector, lateral resolution improves by a factor of 1.53, but at the cost of 
losing optical sectioning ability. Therefore, using 1 Airy unit diameter detector is good choice 
to retain optical sectioning while achieving substantial improvement of resolution by a factor 
of 1.49 over conventional widefield imaging. In this instance, since the emitted photons 
concentrate more precise locations they originate from, the peak intensity of PSF also 
improves by a factor of 1.63 over conventional widefield imaging. Hence, the resolution 
improvement is achieved without sacrificing optical sectioning ability and signal-to-noise 
ratio. Furthermore, Fourier transform of Eq. (4) yields optical transfer function (OTF) of ISM 

 ISMU ( ) 2 U( / 2) E( / 2)=k k k    (6) 

where k is spatial frequency vector and a tilde denotes Fourier transform of the corresponding 
function. Equation (6) shows that the ISM image, ISMI ( )r , contains frequency component 

twice as high as conventional widefield image with an OTF, U( )k , but high frequency 

component is weaker than ideally resolution doubled image with an OTF, 2 U( / 2)k . 

Therefore, deconvolution can be applied to the ISM image so as to recover the image that has 
a full factor of 2 resolution improvement over the diffraction limit. 

While the first implementation of ISM [11] offered better lateral resolution in a simple 
manner, the considerable drawback was the slowness of the imaging speed. Recording images 
from the imaging detector at each scanning position limited the imaging speed too slow for 
investigation of living specimens. In recent years, various improvements of ISM have been 
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realized. York et al. [13] demonstrated multifocal structured illumination microscopy (MSIM) 
which scanned with multiple excitation foci simultaneously using digital micro-mirror device. 
With the aid of parallelized scanning, MSIM achieved the imaging speed up to 1 Hz. Another 
implementation of multifocal excitation scheme based on a spinning-disk confocal 
microscope was also demonstrated by Schulz et al. [14]. 

Instead of computational pixel reassignment, equivalent methods that perform the 
reassignment by hardware have been proposed. Roth et al. [15] demonstrated optical photon 
reassignment microscopy (OPRA) that employed an intermediate beam expansion in the 
detection path to optically contract the focus on the image plane. Another implementation by 
Luca et al. [16] employed a “re-scanner” to change the scanning magnification maintaining 
the size of scanning spot. These methods have the advantage of reduced read-noise as well as 
fast imaging speed since super-resolution image is acquired in only one exposure frame. 

The hardware approach can also be parallelized. York et al. [17] demonstrated instant 
structured illumination microscopy (ISIM) using a micro-lens array to generate a multifocal 
excitation, a matched pinhole array to reject out-of-focus emissions, another matched micro-
lens array to optically contract each pinholed emission and a galvanometric mirror to scan the 
excitation and emission foci. Although ISIM offers excellent improvement in resolution and 
imaging speed preserving virtues of confocal fluorescence microscopy, the drawback is 
complexity of configuration. Considerable expertise is required to utilize the optical system 
adequately, because small misalignments of optical elements arranged separately cause 
substantial striping artifacts in the images as well as non-uniformity of illumination. 
Furthermore, a large number of optical elements in the detection path reduce signal levels. 

Here, we present a simple super-resolution method based on spinning-disk confocal 
microscopy using multifocal excitation and optical photon reassignment schemes that 
optically improves lateral resolution by a factor of 1.37 with a single exposure. Moreover, 
deconvolution results twofold improvement over the diffraction limit. We term the method as 
SD-OPR. SD-OPR involves minimal modifications to an existing spinning-disk confocal 
microscope (Yokogawa®, CSU-X1). 

2. Setup 

A schematic diagram of the optical setup of SD-OPR is shown in Fig. 1. The upper disk of the 
scanning unit is a micro-lens array (MLA) disk which produces a multifocal excitation from 
collimated excitation laser (Coherent®, Sapphire LP 488nm). The lower disk is a micro-lens 
added pinhole array (MLPHA) disk on which pinholes and micro-lenses are regularly 
disposed on the upper and lower surfaces respectively. The individual micro-lens on the MLA 
and the MLPHA is located concentrically with the corresponding pinhole on the MLPHA. By 
rotating disks via a spindle motor, the multifocal excitation passing through the MLPHA 
scans specimen through a tube lens (Edmund Optics®, #49-287, f = 250 mm) and an objective 
lens. On the detection side, micro-lenses on the MLPHA locally contract each emission focus 
twofold (As shown in the inset of Fig. 1, each micro-lens on the lower surface of the MLPHA 
focuses the fluorescence emission from the specimen to a smaller pinhole. The details are 
described in the next paragraph.), and pinholes reject out-of-focus emissions to achieve 
resolution enhancement preserving confocal sectioning. The locally contracted multifocal 
emission reflected by a dichroic mirror (Semrock®, Di01-T405/488/561) is imaged by a 
camera through a 2 × magnifying relay optics (Yokogawa®, CSUX1PRT/P057) and an 
emission filter (Semrock®, FF03-525/50-25). We use a 100 × oil immersion objective lens 
(Olympus®, UPLSAPO100XO, NA 1.4), which translates to 278 × total magnification of the 
optical system. We also use a scientific CMOS camera (Andor®, Neo sCMOS®) with 6.5 μm 
pixels, which translates to 23.4 nm pixel size and 60 × 50 μm field of view in specimen space. 

To implement the optical photon reassignment scheme to the original scanning unit, we 
modified the Nipkow disk, namely, the MLPHA disk. The inset of Fig. 1 shows the function 
of the MLPHA disk with enlarged schematic diagram particularly showing a pair of the 
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pinhole and the micro-lens on the MLPHA. The emission beam from the downside of the Fig. 
1 focuses to the MLPHA at a cone angle of θ. While passing through the MLPHA, the beam 
is refracted by the micro-lens and the upper surface of the MLPHA, and diverges from the 
pinhole at a cone angle of 2θ. Since the size of focus is approximately inversely proportional 
to the cone angle if the angle is small, the micro-lens contracts the focus twofold while 
maintaining the orientation of the focus. This focus contraction leads to the displacement of 
emitted photons to the most probable locations they originate from. 

On the other hand, the micro-lens on the MLPHA halves the cone angle of the excitation 
beam input from the upside of the figure. Consequently, the excitation light under-fills the 
objective pupil resulting in degradation in resolution. To overcome this degradation by over-
illuminating the objective pupil, the diameter of the micro-lens on the MLA which is 250 μm 
for the normal CSU-X1, was increased to 580 μm. Moreover, the focal length of the tube lens 
which is normally 180 mm for Olympus® objective lenses, was also increased to 250 mm. In 
conjunction with the widening of the micro-lens on the MLA, the spacing between pinholes 
on the MLPHA was increased to 580 μm and the pinhole diameter was changed to 25 μm 
which approximately correspond to the first dark ring of the Airy disk of contracted emission 
focus. 

 

Fig. 1. Simplified schematic diagram of the optical setup. A micro-lens array (MLA) disk 
focuses the excitation light onto pinholes on a micro-lens added pinhole array (MLPHA) disk 
through a dichroic mirror (DM). The excitation light passing through the micro-lenses on the 
lower surface of the MLPHA is focused onto specimen by an objective lens. The emission 
collected by the same objective lens is contracted and pinholed by the MLPHA and imaged by 
the camera through an emission filter (EM). The scanning unit of SD-OPR is implemented on a 
CSU-X1 spinning-disk confocal microscope by substituting the internal spinning-disk 
assembly. The scanning unit is attached to an inverted microscope (Olympus®, IX71) using 
custom-made joint including a tube lens (f = 250 mm). In this arrangement, the original tube 
lens of the microscope is not on the optical path. The specimen is held on a motorized 
microscope stage (OptoSigma®, BIOS-225T). A piezo objective scanner (PI®, P-721.10) is 
used to perform axial scanning. The optical system is built on a vibration isolation table 
(HERZ, TDI-1585LAB). Although we didn’t use autofocus and environmental chamber in our 
setup, the use of them may be essential for thermal stability to perform long-term live-cell 
imaging. 

3. Characterization of SD-OPR performance 

To confirm the resolution improvement, subdiffractive fluorescent beads were imaged with 
the described SD-OPR setup. The excitation laser power on the specimen was 10 W/cm2 and 
the exposure time was 200 ms. Deconvolved images were obtained by applying 3D 
deconvolution (Wiener filter preconditioned Landweber algorithm) to the raw PSF images 
using Piotr Wendykier’s parallel iterative deconvolution plugin for ImageJ (available at 
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http://sites.google.com/site/piotrwendykier/software/deconvolution/paralleliterativedeconvolu
tion). We used the following parameters: Method, WPL; Boundary, Reflexive; Resizing, 
Auto; Output, Float; Precision, Double; Max number of iterations, 40. For comparison, a 
conventional widefield microscope (Olympus®, IX71) and a normal spinning-disk confocal 
microscope (Yokogawa®, CSU-X1) with the same objective lens were also evaluated as 
controls. The CSU-X1 was attached to the standard side port of IX71 using the original tube 
lens of the microscope. To determine the full width at half maximum (FWHM), 50 beads 
were individually fitted with a Gaussian function. The results are shown in Fig. 2 and Table 1. 
The first and the second image columns in Fig. 2 show X-Y and X-Z cross sectional views of 
point spread functions respectively. The scale bars represent 0.5 μm. The estimated mean 
values and standard deviations of lateral and axial FWHMs are shown in Table 1. As is clear 
from the results, the raw SD-OPR provided a 1.37-fold lateral resolution improvement over 
the raw widefield, while the resolution of the raw CSU-X1 spinning disk (SD) was still 
restricted by diffraction of light. The deviation between theoretical lateral resolution 
improvement of 1.49 and the results of actual measurement is probably due to residual optical 
aberration and Stokes shift [12]. Deconvolution improved the lateral resolution approximately 
1.53-fold over the corresponding raw images, and consequently the deconvolved SD-OPR 
provided a 2.11-fold lateral resolution improvement over the raw widefield. We also found 
the axial resolution improvement over raw widefield by a factor of 1.26 for the raw SD-OPR 
and 1.92 for the deconvolved SD-OPR. These improvements by the deconvolution seem 
better than expected, and they may be due to over-enhancement of the deconvolution since the 
fluorescent beads are considerably simpler than practical specimens. Therefore, similar 
resolution evaluation of biological specimen with complex structure is essential to justify the 
resolution improvement further. 

Table 1. FWHM measurements of point spread functions. 

 Widefield 
raw 

Widefield 
+ decon 

SD 
raw 

SD 
+ decon 

SD-OPR 
raw 

SD-OPR 
+ decon 

Lateral 
FWHM 

[nm] 

223.4 
± 5.7 

146.4 
± 6.1 

219.4 
± 3.5 

143.5 
± 4.3 

163.1 
± 3.4 

105.9 
± 8.9 

Axial FWHM 
[nm] 

513.2 
± 27.0 

347.5 
± 27.5 

508.2 
± 18.6 

315.6 
± 16.6 

405.9 
± 20.9 

267.8 
± 26.9 

 

Fig. 2. Comparison of point spread functions. Subdiffractive fluorescent beads (Thermo Fisher 
Scientific®, FluoSpheres® F8803, 0.1 μm diameter, yellow-green stained) were imaged with 
widefield, normal Yokogawa® CSU-X1 spinning-disk (SD) and SD-OPR. Deconvolved images 
were obtained by applying 3D deconvolution (Wiener filter preconditioned Landweber 
algorithm) using Piotr Wendykier’s parallel iterative deconvolution plugin for ImageJ. The 
first and the second image columns show X-Y and X-Z cross sectional views of PSFs 
respectively. The scale bars represent 0.5 μm. 
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Fig. 3. Imaging of microtubules in fixed bovine pulmonary artery endothelial cells. (a) Raw 
widefield image. (b) Deconvolved widefield image. (c) Raw SD-OPR image. (d) Deconvolved 
SD-OPR image. The scale bars in the panels a, b, c and d represent 10 μm. Deconvolved 
images were obtained by applying 3D deconvolution using Huygens® (Scientific Volume 
Imaging). (e–h) Magnified views of smaller areas corresponding to the rectangles in the panels 
a, b, c and d. The scale bars in the panels e, f, g and h represent 1 μm. (i) Sectional plots of 
pixel intensities across the yellow lines in the panels e, f, g and h. (j) Sectional plot of pixel 
intensities across the red line in the panel h. Fittings of two Gaussian functions are also shown 
with broken lines, and the distance between the peaks of Gaussian functions is 113 nm. 
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To investigate the resolution improvement in biological specimen, we imaged 
microtubules in fixed bovine pulmonary artery endothelial cells (Thermo Fisher Scientific®, 
FluoCells® prepared slide #2 F14781). The microtubules are labeled with mouse monoclonal 
anti-α-tubulin antibodies in conjunction with goat anti-mouse IgG conjugated with green-
fluorescent BODIPY® FL. The excitation laser power on the specimen was 10 W/cm2 and the 
exposure time was 500 ms. Deconvolved images were obtained using Huygens® software 
(Scientific Volume Imaging). We used the following parameters: Method, Classic maximum 
likelihood estimation; Max number of iterations, 100; Signal to noise ratio, 60; Quality 
threshold, 0.0001; Iteration mode, Optimized; Brick layout, Auto. The results are shown in 
Fig. 3. Figures 3(a)–3(d) represent images of raw widefield, deconvolved widefield, raw SD-
OPR and deconvolved SD-OPR respectively. The scale bars in Figs. 3(a)–3(d) represent 10 
μm. Figures 3(e)–3(h) show magnified images of a smaller area corresponding to the 
rectangles in the Figs. 3(a)–3(d) respectively. The scale bars in Figs. 3(e)–3(h) indicate 1 μm. 
As shown in these figures, SD-OPR obtained improved resolution in the biological specimen 
as well. Although the deconvolved widefield image also seems to achieve resolution 
enhancement, it could not extract the actual structures which could be seen in the raw SD-
OPR image as shown in Figs. 3(f), 3(g) and 3(i). A pair of microtubules corresponding to the 
yellow lines in the Figs. 3(e)–3(h) was not separated in the widefield images regardless of 
deconvolution as shown in Fig. 3(i). However, the microtubules were clearly separated in the 
deconvolved SD-OPR image as shown in Figs. 3(h) and 3(i). Figure 3(j) indicates the 
minimum separation distance of crossing microtubules in the deconvolved SD-OPR image. 
The sectional plot shown in Fig. 3(j) corresponds to the red line in the Fig. 3(h). The 
minimum separation distance calculated by fittings of two Gaussian functions was 113 nm. 
These results indicate almost twofold resolution improvement over the diffraction limit was 
achieved in the biological specimen. 

 

Fig. 4. Simulation of excitation focal shift vs. wavelength. Wavelength characteristic of axial 
shift of excitation focus in the specimen was calculated using Zemax® (Zemax LLC) optical 
simulation software. To calculate the focal shift caused only by the micro-lenses, aberration-
free microscope model was used in the simulation. The axial shift of excitation focus was 
evaluated in the wavelength range of 405 to 640 nm. 

Finally, we evaluated chromatic aberration of the optical system. Since the micro-lenses 
on the MLA and MLPHA are not achromatic, chromatic aberration of the optical system 
would be a matter of concern. Because the micro-lenses affect axial chromatic aberration 
rather than lateral, the major concern is co-registration of dyes of different excitation and 
emission wavelengths in axial direction. Thus, we evaluated the axial chromatic shift of the 
optical system by an optical simulation. Figure 4 shows the axial shift of excitation focus in 
the specimen. As shown in the result, the axial focal shift between violet and red was 75 nm, 
and was sufficiently smaller than axial resolution of SD-OPR. 
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4. Conclusions 

We demonstrated that a simple spinning-disk based super-resolution method, SD-OPR, 
dramatically improves resolution with a single exposure. The abilities to observe biological 
specimens with ease and no limitation of dye are significant practical advantages inherited 
from confocal fluorescence microscopy. Another advantage of SD-OPR is 
straightforwardness of implementation. The configuration that involves dual Nipkow disks 
has been used in commercial spinning-disk confocal microscope for over a decade and has 
proven to bear with routine research. Therefore, we anticipate the method to be capable of 
reliable super high resolution observations in biomedical routine research. Furthermore, 
multi-photon excitation technique will be able to be applied to SD-OPR. Application of multi-
photon excitation to SD-OPR will improve penetration depth of super-resolution imaging in 
thick scattering specimens [18–20]. 
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Abstract

A challenge in biological imaging is to capture high-resolution images at fast frame rates in live cells. The “instant structured illumination microscope” (iSIM) is a
system designed for this purpose. Similarly to standard structured illumination microscopy (SIM), an iSIM provides a twofold improvement over widefield microscopy,
in x, y and z, but also allows much faster image acquisition, with real-time display of super-resolution images.

The assembly of an iSIM is reasonably complex, involving the combination and alignment of many optical components, including three micro-optics arrays (two lenslet
arrays and an array of pinholes, all with a pitch of 222 μm) and a double-sided scanning mirror. In addition, a number of electronic components must be correctly
controlled. Construction of the system is therefore not trivial, but is highly desirable, particularly for live-cell imaging.

We report, and provide instructions for, the construction of an iSIM, including minor modifications to a previous design in both hardware and software. The final
instrument allows us to rapidly acquire fluorescence images at rates faster than 100 fps, with approximately twofold improvement in resolution in both x–y and z; sub-
diffractive biological features have an apparent size (full width at half maximum) of 145 nm (lateral) and 320 nm (axial), using a 1.49 NA objective and 488 nm
excitation.

1. Introduction

Among the methods of acquiring super-resolution fluorescence images [1], [2], structured illumination microscopy (SIM) offers a relatively modest, twofold resolution
improvement over widefield microscopy [3]. However, as SIM uses only a relatively small number of widefield images to capture the information required to improve
resolution, it is in principle more suitable for live sample imaging; SIM offers the advantages of fast acquisition over a large area and weaker irradiation of the sample
compared to alternative techniques such as stimulated emission depletion [4] and single-molecule localisation [5], [6], [7], and it is compatible with all fluorophores
used in widefield and confocal imaging.

In SIM, the combination of spatial frequency components from an illumination beam and the sample itself allows a doubling of the maximum spatial frequency
theoretically obtainable in the image, compared with widefield techniques [3]. However, to extract the high spatial frequency information, the sample must be imaged
multiple times, using different orientations of the patterned illumination, and the final image is only obtained once these images have been processed. Moreover, in
practice, some of the theoretical frequency space is not accessed. Nonlinear variants of SIM [8], [9] can introduce still higher spatial frequencies to the combination of
illumination and fluorescent response by saturation of the fluorescence or of the dark state of a switchable fluorophore (e.g. Dronpa). SIM can also be used to provide
depth-sectioning with an excitation pattern structured in three dimensions [10].

The basis of a confocal microscope is the combination of diffraction-limited illumination and detection through a pinhole, which results in a narrower point spread
function (PSF) than using either pinhole detection or diffraction-limited illumination alone. The confocal PSF is the product of the emission and excitation PSFs. If the
emission pinhole is made very small, then the confocal PSF will be narrower, but there is a detrimental reduction in signal, obscuring the resolution gained in principle.
By scanning a displaced pinhole, and appropriately shifting and summing the resulting images, much more of the emission signal can be used, and the narrower PSF
retained; the appropriate shift is ½ the pinhole displacement for each image. This principle was first discussed in 1988 [11], and further developed into “image scanning
microscopy” [12], in which a focussed excitation laser was scanned over the sample, and an image taken at each scanning focus position. The raw images were then
scaled by a factor of 0.5 and combined to generate the full image. Deconvolution of the resulting image resulted in a narrowing of the PSF of the modified confocal
microscope to 150 nm (2σ width of a Gaussian fit). However, the process of scanning and capturing an image at every position was very slow, and not suitable for live
cell imaging.

The speed of this type of imaging was improved to several frames per second in the MSIM (multifocal SIM) by using a digital mirror device (DMD) to generate
multiple excitation foci, which were scanned across the sample [13]. The foci were organised into a sparse pattern, and a fluorescence image was acquired each time the
pattern was translated by the equivalent of one DMD pixel (120 nm when imaged at the sample), until the entire field had been scanned. Each acquired image was
processed in software such that the fluorescence from each excitation spot was pinholed (set to zero beyond a chosen radius, to reject out of focus light) and scaled by
0.5 before summing all images to provide one frame.

The “instant structured illumination microscope” (iSIM) [14] is a further development, but uses optical hardware (an “analogue” approach), to perform the shifting and
summing, enabling the resulting higher-resolution images to be visualised “instantly”. A set of beamlets are generated by a lenslet array (lenslet array 1, Fig. 1) and
focussed onto a sample. The resulting fluorescence image is passed through a set of pinholes to reject out of focus light, and then passed through a second lenslet array
(lenslet array 2, Fig. 1) that focusses the beamlets, such that each image from an excitation spot is scaled by a factor of 0.5. As a scanning mirror (Fig. 1) scans the
excitation across the sample, and also scans the resulting images across the camera, the resulting fluorescence images are integrated in a single exposure, and
immediately displayed. More detailed explanation of how the optical design achieves the narrower PSF by image scanning and shifting can be found in Supplementary
note 1. The resolution is increased (a reduction in the full width at half maximum, FWHM, of the PSF) in these real-time images by a factor of √2 compared with a
widefield microscope, and the final improvement is a factor of 2, following image deconvolution using the measured PSF of the optical system. Image capture is very
rapid (potentially exceeding 100 frames per second), making such a system useful for observation of dynamic processes in live cells.

We chose to build an iSIM at the University of Leeds (UoL), in order to take advantage of its speed and resolution, and its compatibility with standard sample and
fluorophore properties, and this chapter is aimed at providing detailed methods for those who wish to build a similar instrument.

2. Materials and methods

2.1. Design of the iSIM

In essence, the iSIM we constructed at Leeds was based on the published iSIM already described, and we refer readers to that publication for a detailed explanation of
the iSIM and its underlying theory [14]. Briefly, in the iSIM, excitation illumination is provided by two 1 W lasers, which have a wavelengths of 488 and 561 nm (
Table 1, Fig. 1). Their paths are combined at a dichroic mirror (Fig. 1), and deflected into the system as required by the acousto-optic tunable filter (AOTF); only one
excitation beam at a time enters the rest of the system. Half-wave plates λ/2  and λ/2  rotate their polarisation for optimal transmission into the system path by the

AOTF.
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2.2.1. Optical arrangement

2.2.1.1. Choose the overall position of the system

2.2.1.2. Align the path from scan lens 1 to the sample

2.2.1.3. Align from the excitation lasers to scan lens 1 (lenslet array 1 not in place)

2.2.1.4. Align from scan lens 1 to the camera (emission path), without pinhole array and lenslet array 2 in place

2.2.1.5. Array elements step 1 (align lenslet array 1 and pinhole array)

2.2.1.6. Position camera

A periscope provided by plane mirrors 3 and 4 raises the beam to the correct height for entry into the sample stage. The beam is then expanded by passing through two
lenses such that it covers a larger area of the first lenslet array (f = 1.86 mm), a converging microlens array which generates a multifocal excitation pattern. The light
emerging from this array is passed through a tilted compensator plate, which gives rise to an astigmatism orthogonal to, and thus compensating for, that introduced by
the 6 mm thick dichroic mirror (dichroic mirror 2) in the diverging beamlets.

The light then passes through a pair of scan lenses (scan lens 1 and 2), which act as a 1:1 telescope (Fig. 1). Between these lenses, placed at their focal points, is the
scanning mirror, which scans the excitation beam across scan lens 2. The scanned excitation pattern is demagnified and focussed on the sample by the tube lens
(f = 350 mm) and the objective (f = 3 mm). The long focal length of the tube lens also contributes to ensuring sufficient sampling at the camera and decreases vignetting
on the emission path at the scanning mirror (by demagnifying the objective back focal plane in combination with scan lens 2).

Emitted fluorescence light from the sample is collected by the objective and transmitted back to dichroic filter 2, via the tube lens, scan lens 2, scanning mirror and scan
lens 1 (Fig. 1). The scanning mirror thus descans the fluorescence beamlets returning from the sample. At dichroic mirror 2 the beamlets are reflected towards the
pinhole array (see Section 2.2.1), which rejects out of focus fluorescence. The pinhole array is aligned with the first lenslet array, such that it is conjugate with the
focussed excitation pattern. Light emerging from the pinholes is passed through relay lenses 1 and 2, which relay the fluorescence image pattern to the second lenslet
array. This is aligned with both with the first lenslet array and the pinhole array (see Section 2.2.1). In this part of the light path, there are several plane mirrors (10, 11
and 12); these ensure an appropriate (even) total number of lateral image inversions between the first and second sides of the scanning mirror, such that re-scanning of
the final image across the camera is carried out in the correct direction. On passing through the second microlens array, each pinholed fluorescent emission image is
contracted by a factor of 2, before passing through the first of a second set of scan lenses (scan lenses 3 and 4). Between these scan lenses, the scanning mirror is again
positioned at their focal points. The scanning mirror scans the scaled fluorescence images across the sCMOS (scientific complementary Metal-Oxide-Semiconductor)
sensor of the camera. One or more scans of the sample and the fluorescence pattern are collected in a single camera exposure, which results in the final image (before
any image deconvolution in software).

A filter wheel (Fig. 1) is used as necessary to block light at undesired wavelengths. Two notch filters are used (in the same filter wheel port) to filter stray excitation
light, while allowing maximum transmission of the fluorescence beams. For samples with some combinations of fluorophores and labelling densities, bandpass filters
may be required to separate the colour channels [14]. Other filter combinations should contain the same overall optical path length as this double notch filter
combination (4.0 mm through fused silica).

A Python script (camera_display.py and its dependencies, available at https://code.google.com/p/msim/downloads/list1) controls the electronic elements of the iSIM and
provides a graphical user interface, after minor modifications.

2.2. Set up procedure

The following steps were found to be an efficient method for achieving alignment, minimising the repetition of work on the same section of
the optical system.

Place the scanning mirror in its mount near the centre of the table; set rough positions for the rest of the system, based
on combinations of focal lengths of the components (Table 1 and described below). Plane mirrors 8 and 9 give some flexibility to the positioning of the RAMM stage.
Positioning of all the components in the system before lenslet array 1 is flexible (apart from the length between the two beam expander lenses). The distance between
relay lenses 1 and 2 is also flexible.

The scanning mirror needs to be at the focal point of scan lens 1, i.e. the front focal length from the end of its
housing (the front focal length is different from the focal length of 190 mm, which is defined from an unmarked plane within the lens system). The front focal length of
the scan lenses was measured to be 170 mm, using autocollimation with a 10 μm pinhole.

To set this distance, use the auxiliary collimated diode laser (Table 2) to input a collimated beam to scan lens 1 (from above it in Fig. 1) such that it is undeviated by the
lens. (You should check that introducing the lens does not change the beam position beyond it.) Focus this beam onto the centre of the useful scanning mirror area. Make
this auxiliary beam collimated (test with the shearing interferometer, Table 2) and undeviated when scan lens 2 is introduced. (The excitation beam could be used for
this – reversing steps 2 and 3 of this procedure – but it is simpler to align the components of this step without the need to choose the beam alignment with plane mirrors
6 and 7.)

Remove the tube lens and objective lens and adjust plane mirrors 8 and 9 so that the same auxiliary beam (collimated by scan lens 2) now passes through the stage,
centred on its input and output (objective mounting) apertures, and so that it exits vertically from the output aperture. It may be helpful to mark a position where the
beam is incident on a surface above the stage. Replace the tube lens and objective, and align the tube lens so that the smallest beam spot possible is formed on a surface
directly above the objective. The tube lens is now set to provide the correct tube length, and aligned with the objective.

Now, to set the optical path length between scan lens 2 and the tube lens (540 mm), position the auxiliary laser such that a collimated beam is incident on scan lens 2,
from the scanning mirror side. An auxiliary mirror will also be necessary to fold the auxiliary beam into the correct path, between scan lenses 1 and 2; two positions
along the beam should be marked before moving the auxiliary laser so that the beam can be aligned to the same path, with the new laser position. Reposition the plane
mirrors 8 and 9, such that the beam is collimated after the tube lens (an auxiliary mirror is again necessary, between the tube lens and the RAMM stage, to fold the
beam, allowing access to it with the shearing interferometer). Check whether the beam is incident on the centre of the input aperture to the stage; if necessary, adjust the
beam position on this aperture using plane mirrors 8 and 9 and repeat, again testing for collimation after the tube lens. Now, with a collimated beam incident on scan
lens 1, the small beam spot should be visible in the same location directly above the objective lens.

Use plane mirrors 1 and 2 to make the 561 nm beam collinear with the 488 nm beam.
Pick two positions along the beam path where they must be coincident, and use an auxiliary mirror to provide a longer beam path without expanding the beams.
Maximise the modulation efficiency of the AOTF by using its remote control to set the frequency and amplitude of crystal vibrations to maximise diffraction
efficiencies for the 488 nm and 561 nm beams in the channels chosen for them at the AOTF connector (channel choice at the AOTF does not matter, except that the
AOTF channels must be connected to the correct outputs from the computer, see Section 2.2.2). Next, use the half-wave plates (λ/2 , Fig. 1) to maximise diffraction

efficiencies for each of the two wavelengths. Use an optical power meter (Table 2) to measure the diffracted power.

Next, using the 488 nm excitation beam, align beam expander lens 1 so that the beam passes through it undeviated. Align beam expander lens 2 (beam expander
separation: 445 mm) so that the beam leaving it is collimated and undeviated. Align plane mirrors 6 and 7 such that the small beam spot is observed directly above the
objective lens, without lens array 1 in place. Check collimation after plane mirror 7 and adjust beam expander 2 if necessary. We found that collimation was affected by
components from plane mirror 6 to the compensator plate, presumably by some curvature of an optical surface.

Make the auxiliary collimated laser beam incident on
scan lens 1 from the scanning mirror side. Align relay lens 1 so that the beam is undeviated and collimated once it has passed through it (optical path from scan lens 1 to
relay lens 1: 490 mm).

Position scan lenses 4 and 3 using the same method as for scan lenses 1 and 2 (without the camera and filter wheel FW in place), with the auxiliary beam incident first
on scan lens 4. Mark the beam position at two locations along its path after scan lens 3.

Move the auxiliary laser so that the beam is now incident on scan lens 3 from the scanning mirror side, following the same marked path. Align relay lens 2 so that the
beam is undeviated and collimated once it has passed through it (optical path from relay lens 2 to scan lens 3: 490 mm). Mark the beam path after it passes through relay
lens 2.

Move the auxiliary laser so that it is incident on relay lens 2 from the side nearest scan lens 3, following the marked path. Adjust plane mirrors 11 and 10 so that the
auxiliary beam is collinear with the 488 nm excitation beam at dichroic mirror 2 and another location (e.g. above the objective lens, or on a lens or mirror). Since the
distance between the relay lenses is flexible, the auxiliary beam does not need to be focussed or collimated at the same positions as the excitation beam when making the
two beams collinear.

Position lenslet array 1 approximately 123 mm from the rear of the housing of scan lens 1 (this
distance is the back focal length of the scan lenses minus the extra optical path through the silica of the thick dichroic mirror 2 and compensator plate).

Send the collimated auxiliary beam through scan lens 1 from the scanning mirror side (coincident with the 488 nm beam at two points). Insert and position the pinhole
array so that the beam is collimated after relay lens 1 (optical path from pinhole array to relay lens 1: 300 mm).

To align lenslet array 1 to the pinhole array, illuminate the pinhole array from the side nearest relay lens 1 with the auxiliary laser, and illuminate lenslet array 1 with the
488 nm excitation beam. Place the auxiliary camera in an intermediate image plane (see Fig. 2) such that images of the pinholes (green) are in focus. Rotate and
translate lenslet array 1 such that images of the foci of this array (blue) are also in focus and concentric with the images of the pinholes.

The focal plane specified within the camera should be 128 mm behind scan lens 4 (equal to the back focal length of the scan lens minus the
extra path length through the notch filters). The back of the blue counter ring on the F-mount adapter on the PCO edge 4.2 should therefore be 111 mm behind scan lens
4, from drawings of the camera design, supplied by PCO. Illuminate the objective from the sample side using the brightfield source. With the filter wheel and notch
filters in place, but without lenslet array 2 in place, use the translation stage to finely adjust the position of the camera to obtain clear, round images of the pinholes at the
camera. These images can be viewed on a monitor using the PCO CamWare software supplied with the camera.

x
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2.2.1.7. Array elements step 2 (align lenslet array 2 and pinhole array)

2.2.1.8. Array elements step 3 (rotation angle of the arrays)

2.2.1.9. Array elements step 4 (lenslet array 2 and pinhole array)

2.2.1.10. Array elements step 5 (lenslet array 1 and pinhole array)

2.2.2. Electronic control

2.2.3. Software adaptation and use

2.3.1. Brightfield imaging

2.3.2. iSIM acquisition

2.3.3. Image deconvolution

Position lenslet array 2 approximately 129 mm behind scan lens scan lens 3 (the scan lens’ back
focal length). With the pinhole array in place, illuminate the objective from the sample side, and rotate and translate (in x–y) lens array 2 until the array of image spots
(viewed in CamWare) covers the largest area possible on the camera sensor. When the pinhole array and lenslet array 2 are not aligned, the array of spots formed on the
camera sensor covers a smaller field of view. Using a fluorescent sample, illuminated with one of the excitation lasers, move lenslet array 2 in z, to form images half the
size of the pinholes, or as close to this as possible, on the camera sensor (viewed in CamWare). We used clusters of fluorescent beads (4 μm diameter) for this step (Life
Technologies, TetraSpeck Fluorescent Microspheres Size Kit T14792, Wells 1 or 6), but other bright fluorescent samples (see next step) can be used.

Use a fluorescent sample (we used a thin, uniform fluorescent layer [14], e.g. a dilute solution of Alexa Fluor
488 labelled antibodies, or cells stained with Alexa Fluor 546 phalloidin, both from Life Technologies). Without lenslet array 1 or the pinhole array in place, take iSIM
images, rotating lenslet array 2 to minimise the stripes visible on the monitor. Scanning the angled array of emission spot images across the camera sensor causes these
stripes. Capturing a 2D (single z-slice) time-lapse sequence with 2 s between frames is helpful during this alignment step, with the live iSIM images appearing on a
monitor.

Repeat step 7, but leave the position of lenslet array 2 as set in step 8 and rotate and translate (in x–y)
the pinhole array, to align it with lenslet array 2 and obtain images of the large area array of demagnified emission spots.

Using the auxiliary camera as in step 5, realign lenset array 1 to the pinhole array.

Care must be taken when removing and replacing the array elements; a slight mechanical jarring (e.g. when contact between the mount and another surface can be
clearly heard) can disturb the alignment of the arrays in their mounts. Realignment of the array elements may therefore be necessary if they are removed and replaced.

To maximise contrast of the images, it is necessary to filter stray light from the system. Screens and apertures can be introduced as required to prevent stray light from
arriving at the camera chip. In particular, an aperture close to the scanning mirror is required, between scan lens 1 and the scanning mirror, to prevent light from
travelling past the edges of the scanning mirror and being focused onto the camera chip by scan lens 4. Stray light can be identified as background pixel values in
CamWare, and in the final iSIM images.

The AOTF, scanning mirror, piezoelectric sample stage and camera were controlled from the computer, using the analogue output card and
breakout box (Table 1). This iSIM implementation uses a different analogue output card from that in the previously published system [14], and does not require the
home-built current amplifiers used in that case.

Three channels require connecting from the analogue output card (via the breakout box) to the AOTF: voltages for controlling the 488 nm laser beam, the 561 nm laser
beam and the “blanking” channel, which switches off (or allows switching on) all channels of the AOTF as required (e.g. between exposures). Using camera_display.py
for control, these are channels 3 (blanking), 4 (controlling the 488 nm laser) and 5 (controlling the 561 nm laser), at the analogue output card.

The position control connection for the scanning mirror connects to channel 0 of the analogue output card, using camera_display.py.

Control of the piezoelectric sample stage was through channel 1 of the analogue output card, using camera_display.py.

The sCMOS camera was connected to the workstation using its accompanying data acquisition card; a trigger signal to acquire an exposure was supplied by the
analogue output card (channel 2, using camera_display.py).

camera_display.py controls the filter wheel and interrogates the sample stage controller using serial communication. The filter wheel was controlled by serial over USB
communication, as per the standard installation procedure (using driver SI_CDM_v2.10.00 from the manufacturer). The baud rate used by the filter wheel controller in
communication with the computer was changed at the controller to 9600, to match the serial over USB rate. The sample stage controller was interrogated for sample
position through a USB to UART Bridge Virtual COM Port (installed and run using driver CP201x, Silicon Laboratories Inc., TX).

Some minor changes may be required to the downloadable scripts, before they control the system as designed, since some parts of
the code are specific to the hardware being used. The scripts must also be on the search path used by Python. For the replica iSIM, changes to the following were made:

• board_name, on line 13 in ni.py (changed to “DAQ-NI-67633”, to match the output card).
• The maximum data rate allowed on line 40 in ni.py (changed to 740000, to match the output card). The user warning immediately following was also changed to

match.
• The port number used by serial.Serial on line 7 in sutter.py (changed to 2, to match the installation of the filter wheel on port COM3).
• The port number used by serial.Serial on line 6 in xyz_stage.py (changed to 3, to match the installation of the sample stage on port COM4).
• pco_edge_type on line 16 in pco.py (changed to 4.2, to match the camera model).
• The data folder for image acquisition was changed on line 2101 in camera_display.py (from “D:////amsim_data” to “C:/iSIM_data”).
• References to icons for cosmetic use in the user interface were commented out, i.e. lines 226–228 and 894 in camera_display.py (icons must be supplied to execute

these lines).

For use of the analogue output card, manufacturer-supplied DLLs are required to be either on the Python search path, or in the same directory as the hardware control
scripts. For this hardware, these DLLs are nicaiu.dll for the analogue output card, and sc2_cl_me4.dll and SC2_Cam.dll for the sCMOS camera.

Running camera_display.py begins control of the iSIM.

A new installation of Python 2.7.8 64-bit, with additional packages setuptools 5.8, numpy 1.8.2, scipy 0.14.0, matplotlib 1.4.2, ipython 2.3.1, pyserial 2.7 and their
dependencies, executed the code as expected. The additional packages were installed using installers freely available at http://www.lfd.uci.edu/~gohlke/pythonlibs/.

A downloadable Python distribution and environment (Enthought, Canopy) was tested as a potential user-friendly Python installation, but it did not handle some
packages as expected by the code.

2.3. Image acquisition

Initially, the brightfield mode of the iSIM allows the user to find a region of interest for super-resolution fluorescence imaging. When in
brightfield mode, bypass mirrors are used to transmit light from the sample to the camera without passing through the pinholes and lenslet array 2 (Fig. 1B). Bypass
mirror 2 is constantly in position, and bypass mirrors 1 and 3 are on flipping mounts (Thorlabs, MFF101/M) which are connected to the analogue output card (channel
6, using camera_display.py). A BNC T-junction (Radio Shack, 616-3017) connects both flipping mounts to the same cable for connection to the analogue output card
via the breakout box.

Imaging is controlled by a simple graphical control interface, generated by camera_display.py (Fig. 3). Exposure of the specimen to light can be
controlled by adjusting the transmission efficiency of each excitation beam into the system using the AOTF, and by varying the number of sweeps of the scanning mirror
to be integrated into the exposure (Fig. 3A). As the system does not have eyepieces, regions of interest on the sample must be found using the live iSIM display, while
moving the stage with the joystick and z-adjustment wheel, and acquiring “Snap” images (which are not saved to disk). By employing the command “Snap if stage
moves”, snap images are captured automatically during this process, with images refreshed for each new stage position. This searching process should use reduced
excitation power, and the most appropriate excitation wavelength to minimise photobleaching of the sample. The optimum start and end points for a z-stack can then be
chosen using the “Acquire Z-stack” command (Fig. 3B), using large step sizes (0.5 μm or greater) to minimise bleaching. For the final image acquisition, step sizes in z
should be 0.25 μm or smaller, to contain sufficient information for subsequent image deconvolution (see Section 2.3.3). Setting the “Start” value for the z-stack (Fig. 3
B) to 0 μm or greater, and the “End” value to greater than the “Start” value, avoids any reversal in the direction of travel for the sample stage during capture of the
z-stack, which provides the best image stability.

When images are acquired with “Acquire Z-stack” or “Acquire timelapse” (Fig. 3C), they are saved as 16-bit files in TIFF format. A z-stack is saved as a single file,
containing the multiple slices, while for a time-lapse sequence, one file per time-point is saved, as required for image deconvolution (see Section 2.3.3). Acquisition
parameters are saved in accompanying text files with the same name. If different emission filters are used for the two colour channels, each time-point or stack in the
output is separated into two files. Following acquisition, ImageJ [15] opens the TIFF files automatically for all z-stacks. It will also do this for time-lapse sequences, but
only if “Display” (Fig. 3C) is checked. At this point, time-lapse frames are combined into a single hyperstack so that the (pre-deconvolution) sequence can be viewed
(this hyperstack is not automatically saved).

The raw images acquired, and displayed in real time, by an iSIM have resolution improved by a factor of √2, compared with widefield microscopy using the same optics
[14] (see also Section 3). Every frame appears after capture on the live iSIM display during a time-lapse sequence.

The “Settings” menu allows the user to access the brightfield mode of the microscope (see Section 2.3.1), choose filter wheel positions for the two colour channels, and
adjust other display and acquisition settings. It may be necessary to tune “Galvo mirror DAQ points per sweep” in “Settings”, “Galvo mirror”, to avoid diagonal
striations in the image. For the UoL iSIM, this parameter is set to between 180 and 220.

Since the support of the optical transfer function of the system is theoretically doubled by the iSIM contraction and scanning mechanism
[11], [14] (Supplementary note 1), a full twofold improvement in resolution (halving the width of the PSF compared with the widefield case) is possible with a suitable
deconvolution algorithm. Deconvolution of raw iSIM images with the PSF found in raw iSIM images does result in this recovery of information [14] (see also Section
3). The raw PSF can be obtained from measurements of images fluorescent beads [14], or from those of small (<100 nm) fluorescent features in a sample.

Construction of an instant structured illumination microscope https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4641873/?report=prin...

3 of 13 21/01/2021, 12:38



A deconvolution program, decon.py, is included in the downloadable iSIM software. This program can receive either a user-supplied three dimensional PSF (in TIFF or
RAW formats) or numerical input of FWHM in the three dimensions (in pixels), assuming a Gaussian PSF.

An alternative is the use of the ImageJ plugin DeconvolutionLab (Biomedical Imaging Group, EPFL, Switzerland), with PSFs generated, for instance, using the plugin
Gaussian PSF 3D (OptiNav). The same algorithm as used in decon.py (Richardson-Lucy) is available, and images can be batch processed. (Each image must be a one-
channel z-stack; the program interlaced images from the two channels when asked to deconvolve a two-colour z-stack.)

For time-lapse sequences, both programs require one file input per frame, since they are designed for single images (2D or 3D). When provided with multiple time-
points in one file, as can be viewed and saved in an ImageJ hyperstack, the software will appear to process the images, but successive frames will be concatenated in the
z-direction, resulting in an incorrect image before processing.

York et al. [14] found that commercial software (Huygens, Scientific Volume Imaging) performed better than decon.py for 2D (single z-slice) iSIM images.

3. Results and discussion

3.1. Spatial image characteristics and resolution

The default field of view (FOV) of the UoL iSIM is 90 μm × 80 μm (1745 × 1550 pixels); lateral spatial sampling at the specimen is 56.0 nm per pixel (it was designed
to be 55.5 nm [14]). The y-extent of the FOV can be increased further through “Settings”, “Camera ROI”, but with little benefit to the image (see Section 3.3). The FOV
can also be decreased to decrease the minimum time between frames in time-lapse imaging (see Section 3.2). A plan objective is required to fill the default FOV with a
high quality image. The minimum step size between z-slices that the user can select is 0.05 μm.

The PSF of the UoL iSIM, using the 1.49 NA objective (Table 1), was measured using images of microtubules (Fig. 4), which provided sub-diffractive (width 25 nm)
fluorescent features when illuminated at 488 nm (prepared slide F-14781, Life Technologies). The FWHM of each of ten microtubule images were measured in x–y and
z. Images were taken at 50 nm steps in z.

To measure the FWHM of a microtubule image in x–y, the brightest slice within a microtubule image and the maximum intensity projection from all z-slices were
obtained. The width of the brightest slice more directly describes the shape of the 3D PSF, while the maximum intensity projection reflects the appearance of images
when this function is used to obtain a projection of in-focus information from a 3D z-stack. In each case, ImageJ was used to plot an intensity profile across the width of
the microtubule, and the FWHM of the profile was found from a Gaussian fit, also performed in ImageJ. To measure the FWHM of a microtubule image in z, an x–z
slice was taken through it, and the FWHM found from the profile of the slice in the z-direction, also using a Gaussian fit. Results from the raw iSIM images were used
as PSF parameters in deconvolution for 40 iterations of the algorithm (i.e. in a 3D Gaussian PSF with FWHM of 4 × 4 × 9 pixels).

The PSF measured on our system was similar in size to that of the originally reported iSIM [14] (Table 3). Images acquired also clearly show the resolution
improvement, compared with widefield microscopy (Fig. 5). The final resolution is lower than that achieved by 3D SIM, for instance (where FWHM in x–y ≈ 100 nm,
in z ≈ 280 nm) [10], although both 3D SIM and iSIM attempt to achieve the theoretical twofold improvement in resolution over widefield microscopy. In fact, the iSIM
and MSIM [13] do achieve an approximately twofold increase, but also start with a lower resolution in their widefield modes [13]. In the MSIM, this was partly
assumed to be a result of slight curvature of an ideally flat optical surface; similarly in the iSIM, there are many optical components on the emission path, and slight
imperfections or misalignments among them may prevent optimisation of the widefield resolution. In discussion of the MSIM [13], it was also suggested that the
distribution of spatial frequencies used for illumination in many SIM implementations improved the signal to noise ratio at the highest frequencies, compared with iSIM
and MSIM, where all frequencies permitted by the objective are used to generate the multi-point illumination.

3.2. Temporal characteristics and adjustment

The typical, default exposure time for the maximum FOV is 40 ms (2 sweeps of the scanning mirror at 20 ms per sweep). The number of sweeps (Fig. 3A) and the
duration of a single sweep (through “Settings”, “Galvo Settings”) can be adjusted in the graphical user interface.

The brief exposure time makes the iSIM useful for capturing time-lapse images of cellular dynamics; blur as a result of motion during the exposure is reduced,
compared with slowler technologies. Two-colour and 3D time-lapse sequences have been captured using the UoL iSIM showing the locations of protein EB1 during the
growth of microtubules (Supplementary video 1) and mitosis (Supplementary video 2).

To achieve image acquisition at or beyond 100 frames per second, as reported [14], it is necessary to reduce the ROI on the camera, decreasing the time required to
transfer each image to the computer. Capture of a one-colour, 2D time-lapse sequence at a rate of one frame every 8 ms can be achieved using the following settings: In
“Exposure” (Fig. 3A), use 1 sweep. In “Delay” (Fig. 3C), use 0.00. In “Settings”, “Galvo mirror”, use a “Sweep time” of 5.2 ms and set “DAQ points per sweep” to 128.
In “Settings”, “Camera ROI”, set “y0” to 761 and “y1” to 1400. The text file produced alongside each 2D time-lapse sequence or z-stack provides the camera trigger
repetition time.

Using the default FOV, single-colour, 2D images can still be acquired at 75 frames per second, and two-colour images can be acquired at 38 frames per second. For
comparison, using a commercial line-scanning confocal microscope or SIM system to acquire a single time-point with a similar FOV and bit-depth takes around 1 s per
image, as does acquisition with commercial SIM systems. If different emission filters are required for the two colour channels in iSIM, an additional delay of a few
hundred milliseconds is introduced for the switch, although for “zero” delay between images, the specified number of images is acquired first with only 561 nm
excitation, then with only 488 nm excitation.

The iSIM captures z-stacks with an interval of about 10 ms between slices. Again, in two-colour 3D imaging, the two channels are captured at each z-position of the
stage, before moving to the next position, if the same emission filter can be used for both channels. If the emission filter must be switched between the two channels, the
whole stack is imaged with 561 nm excitation and then again with 488 nm excitation.

3.3. Limitations

The main limitation of the iSIM is the scan lines which appear in images, as a result of imperfectly smooth combination of the contracted images as they are scanned
past one another (visible in Figs. 4, 5, Supplementary videos 1 and 2). The micro-optics are aligned as well as possible (Section 2.2.1), but the scan lines could not be
completely removed. They can be mitigated by dividing raw iSIM images either by a flat reference field (as for Supplementary ideos 1 and 2) or dividing by the result
of binning the image in horizontal lines [16]. More ideally, micro-optics may be designed that reduce the striping artefact by changing the spacing of the micro-optic
elements or perhaps the aperture profile of the pinholes. A spinning disk-based configuration [14], [17] may also help with smooth combination of the scanned,
contracted images, as well as with detection efficiency of the fluorescent emission.

Towards the top and bottom of the default FOV, the intensity of detected light becomes weaker (as in Fig. 5). This is a result of the beam size in this optical design,
combined with a smaller number of image points being scanned across the camera chip at these extremes. The different number of image points being scanned at
different vertical positions in the total image can also result in a change of appearance of the scan line artefacts with vertical position in the image.

Deconvolved images have a mottled noise component (Supplementary videos 1 and 2), using the algorithms tested so far (see Section 2.3.3; the Landweber algorithm in
DeconvolutionLab was also tested). This may be a consequence of scan lines interfering with the raw image; further work is needed to explore the reduction of this
noise.

Aberrations are present in the system as a result of the diverging beams passing obliquely through the thick dichroic mirror and compensator plate, even though they
compensate each other for astigmatism to some degree. Other monochromatic aberrations, such as coma, are not compensated in the same way, and neither is chromatic
aberration, as beamlets at 488 and 561 nm are separated transversely by the tilted silica plates and their optical dispersion. Such aberrations in the system could be
overcome if this dichroic mirror could be placed instead in a collimated beam path, in a redesigned optical arrangement.

Finally, the iSIM is an optical system with many components, which combine to reduce the efficiency of fluorescence detection. Improvements on parts of the design
are possible in this respect, for instance using the spinning disk-based design mentioned [17]. For a given sample, such improvements would allow time-lapse imaging
to continue for longer before photo-bleaching occurs.

4. Conclusion

The combination of very rapid, super-resolution image acquisition and relatively low excitation intensities makes the iSIM useful for live-cell imaging. It provides a
twofold improvement in resolution in 3D over widefield microscopy, with acquisition rates exceeding 100 frames per second, with two-colour images displayed in real
time. It can be replicated as described, using commercially available hardware components and publicly available software.
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Bioengineering.

Footnotes

Since Google Code is to be discontinued, the software will soon be moved to the GitHub hosting service. Please contact the authors for further information.

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.ymeth.2015.07.012.

Appendix A. Supplementary data

Supplementary note 1:

Supplementary video 1:

Two-colour time-lapse imaging. 2D (single z-slice) time-lapse image of eGFP-EB1 (green) and stained mitochondria (red) in a live COS7 cell. Scale bar 10 μm,
2 s delay between frames, 40 frames. Images were captured with a 60× silicone oil immersion objective (Table 1). To mitigate scan line artefacts, each raw image
was divided by an in-focus reference image of a layer of fluorescein, using Calculator Plus in FIJI (J. Schindelin et al., Nat. Methods 9 (2012) 676-682), using
the maximum pixel value in the reference image as a multiplier to normalise. Each slice was then deconvolved using decon.py. Bleach correction was carried out
in FIJI, using the “Simple Ratio” method for green and the “Histogram Matching” method for red.

Supplementary video 2:

3D time-lapse imaging. Maximum intensity projections derived from 3D (z-stack) time-lapse images of eGFP-EB1 in a mitotic COS7 cell. Scale bar 5 μm, 12
z-slices at 0.25 μm separation, 2 s delay between volumes, 18 volumes. Each volume was acquired in under 0.7 s; volume repetition time was 3 s. Images were
captured with a 60× silicone oil immersion objective (Table 1). To mitigate scan line artefacts, each raw slice was divided by an in-focus reference image of a
layer of fluorescein, using Calculator Plus in FIJI, using the maximum pixel value in the reference image as a multiplier to normalise. Each volume was then
deconvolved using decon.py. Depth coding was performed using a modified version of K_TimeRGBcolorcode.ijm (ImageJ macro by Kota Miura, Centre for
Molecular and Cellular Imaging, EMBL Heidelberg, Germany).
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Fig. 1

Open in a separate window

The layout of the implementation of iSIM at UoL, designed to replicate the function of the original [14]. (A) The overall set-up for the iSIM. Plane mirrors 3 and 4 form a periscope to raise the
beam height to match the axis of the sample stage. The beamlets generated by lenslet array 1 are focussed at the sample, and scanned across it by the scanning mirror, which rotates about the
y-axis as indicated. The beamlets also come to a focus at the intermediate image plane shown. (B) The positions of bypass mirrors implemented when imaging in brightfield. The majority of the
hardware was fixed to a metric anti-vibration table (Table 1). 1″ diameter pedestal posts and fork clamps were used to attach most components to the table, with component height adjustable
using spacers or ½″ diameter post holders and posts (Table 1).
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Fig. 2

Open in a separate window

Use of an auxiliary laser beam, mirror and camera, together with the excitation beam, to align the foci of lenslet array 1 to the pinhole array. (See Fig. 1 for context.)
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Fig. 3

Open in a separate window

The graphical user interface for iSIM control. (A) Selection and control of the excitation laser and laser power, and number of scanning mirror sweeps per exposure; snapshot button. (B)
z-Stack settings for the start and the end of the z-stack, and the step size required, together with the “Acquire Z-stack” acquisition button. (C) Timelapse settings controlling the number of
images required, and the delay between the images, together with the “Acquire timelapse” acquisition button. Below this panel is a check box “Snap if stage moves” which can be checked
when scanning the sample, for continuously previewing the sample.
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Fig. 4

Open in a separate window

iSIM images of cells co-stained for F-actin and microtubules. (A, B) Maximum intensity projections in x–y from 80 z-slices taken over a 4 μm depth (scale bars 5 μm) using a prepared slide
(F-14781, Life Technologies), in which F-actin was stained with Texas Red-X phalloidin (red) and α-tubulin was stained with a primary mouse antibody to bovine α-tubulin and a secondary
BODIPY FL goat anti-mouse antibody (green). (C, D) Raw (C) and deconvolved (D) iSIM images of a microtubule (scale bar 500 nm, pixel size 56 nm), from the region marked (yellow
rectangle) in the combined image. The apparent microtubule width (FWHM in x–y) in this case was 188 nm (raw) and 138 nm (deconvolved), measured at the yellow line.
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Fig. 5

Widefield, iSIM and deconvolved images captured using the iSIM at Leeds, with a 60× water immersion objective lens (Table 1). Resolution increases when changing from widefield
fluorescence mode (no lenslet or pinhole arrays in place) to iSIM, and further following image deconvolution. Scale bar 10 μm. Sample is BPH1 cells stained for F-actin (red), and non-muscle
myosin 2A (green).
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Table 1

List of components used in the iSIM.

Open in a separate window
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Table 2

Components used in iSIM alignment.

Component Manufacturer Notes

Neutral density filters: Thorlabs Used to attenuate the beams for some stages of alignment (e.g. when focussing beams onto a

sensor)

NE10A-A (OD 1.0)

NE30A-A (OD 3.0)

Shearing interferometer: SI254, with additional shear plates SI035P

and SI100P

Thorlabs For testing beam collimation

Collimated diode laser: CPS532, with power supply LDS5-EC Thorlabs Provides an auxiliary beam for testing system alignment. Mounted in pitch/yaw mount KAD11F

(Thorlabs)

Optical power meter kit: PM130D Thorlabs Kit includes an optical power sensor

Image acquisition software: CamWare PCO This is installed with the PCO Edge 4.2 camera; useful for some alignment checks and procedures

Colour CMOS camera: DCC1645C Thorlabs Auxiliary camera, useful for detecting intermediate images in the optical system (with

accompanying software)
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Table 3

Performance of the iSIM system at Leeds (UoL), in comparison with the previously published iSIM.

Original iSIM [14] (NA = 1.45) UoL iSIM (NA = 1.49)

Raw Deconvolved Raw Deconvolved

Lateral FWHM (nm) 213 ± 26 145 ± 14 212 ± 25 152 ± 13

216 ± 19 145 ± 9

Axial FWHM (nm) 511 ± 24 356 ± 37 513 ± 33 320 ± 16

Mean ± standard deviation.

Width obtained from slice of best focus at the microtubule.

Width obtained from maximum intensity projection of all slices onto the x–y plane.
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