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||Abstract

Structured-Illumination Microscopy (SIM) can increase the spatial resolution of a wide-

field light microscope by a factor of two with greater resolution extension possible if the 

emission rate of the sample responds nonlinearly to the illumination intensity. In this 

dissertation, I apply linear SIM to biological samples in both two and three dimensions 

and use ultra-low light intensities that are well suited for investigating biological samples 

to demonstrate whole-cell super-resolution imaging by Nonlinear Structured-Illumination 

Microscopy (NL-SIM). Previously, NL-SIM has achieved ~50-nm resolution on dye-

filled polystyrene beads by saturating the excited state of a fluorophore [Gustafsson M 

(2005) Nonlinear structured-illumination microscopy: Wide-field fluorescence imaging 

with theoretically unlimited resolution. Proc Natl Acad Sci USA 102(37):13081-13086]. 

Unfortunately, because saturation requires extremely high light intensities that are likely 

to accelerate photobleaching and damage even fixed tissue, this implementation is of 
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limited use for studying biological samples. Here, reversible photoswitching of a 

fluorescent protein provides the required nonlinearity at light intensities six orders-of-

magnitude lower than those needed for saturation. We experimentally demonstrate ~40-

nm resolution on purified microtubules labeled with the fluorescent photoswitchable 

protein Dronpa, and visualize cellular structures by imaging the mammalian nuclear pore 

and actin cytoskeleton. As a result, NL-SIM is now a biologically compatible super-

resolution imaging method.
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||CHAPTER 1

INTRODUCTION

Richard Feynman said in a 1959 meeting of the American Physical Society, “It is very 

easy to answer many of these fundamental biological questions; you just look at the 

thing!”

Indeed over the last several centuries biologists have answered many fundamental 

questions by observing, often through the lens of a simple light microscope. This works 

well when the size of the “thing” to be seen is comparable to the wavelength of light 

being used. Unfortunately, many biological structures are smaller than the wavelength of 

visible light; and, to that end, biophysicists have devised other ways of “seeing” that use 

shorter-wavelength energy in the form of x-rays or electrons. However, the light 

microscope has certain advantages over other techniques that render it an invaluable 

resource in cell biology; namely, fluorescence microscopy excels at studying biological 
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structure and dynamics because it can be minimally invasive, acquire data rapidly, and 

target molecules of interest with specific and multi-color labeling strategies

1.1 The Diffraction Limit and Resolution

The classical resolution limit of a light microscope was formulated more than a century 

ago by the German mathematician and physicist Ernst Abbe (Abbe, 1873). A trans-

illumination microscope (Figure 1.1a) forms an image when light that has been diffracted 

by its interaction with the sample is collected and refocused to a detector (retina, camera, 

etc). The wave-nature of this diffracted light in the far-field fundamentally limits the 

2

Figure 1.1 General microscope schematics. (a) A simplified version of a trans-illumination 
microscope. The most basic type of microscope (brightfield) illuminates a sample from an 
incoherent source (e.g. lamp) and then detects a changed in absorption of that light as a result 
of the light’s interaction with the sample. Unfortunately, most biological samples are optically 
transparent and do not provide much inherent contrast. Other types of trans-illumination 
systems (phase contrast, DIC, darkfield) generate contrast in other ways. In these other systems 
it is the change in the phase or polarization of the light that is detected. (b) Another type of 
microscope illuminates the sample in an epi mode - this is most often done in fluorescence 
microscopy. In fluorescence microscopy contrast is generated by fluorescent probes, like 
proteins or small molecules which are often targeted to molecules of interest within the sample.
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resolution of the microscope. In 1873, Abbe determined the now famous (at least in 

microscopy circles) Abbe diffraction limit for incoherent illumination1, which  states that 

the smallest resolvable distance between two points as seen by a microscope, d
min

, is a 

function to the wavelength of light, ! ; the index of refraction, n ; and the light gathering 

and generating angles of the lenses involved, ! : 

 dmin =
!

nsin" condenser

+
!

nsin"objective

 .      (1.1)

When the numerical aperture – defined as N .A. = nsin!  - of the condenser is equal to or 

greater than the N.A. of the objective, or when considering fluorescence imaging (Figure 

1.1b) which detects light from molecules that emit in all directions (an incoherent 

source), this simplifies to:  

 d
min

=
!

2N .A.
.         (1.2)

The Abbe diffraction limit represents the extent to which spatial frequencies can be 

observed by the microscope: 

k
observed

!
1

d
min

.         (1.3)

3

1 Another commonly-used definition for resolution is the Raleigh criterion; this states, somewhat arbitrarily, 

that for two points to be resolved the center of the diffraction pattern (Airy rings) of one point must not lie 

closer than the first minimum of the diffraction pattern of the second point. With this definition, it can be 

shown that the resolution is: d
min

= 0.61
!

N .A.

.
 
There is yet an even third method called the Sparrow 

method, which is the distance between point sources where there is no longer a dip between them in the 

combined intensity profile.



The region of frequency space that satisfies this requirement is known as the support of 

the optical transfer function of the microscope (Figure 1.2a). The optical transfer function 

OTF(k) describes the contrast of the image as a function of spatial frequency. All spatial 

frequencies that satisfy (1.3) do not contribute equally to the image: low spatial 

frequencies are more easily resolved, that is they have higher contrast than high spatial 

frequencies (Figure 1.2b). Spatial frequencies not satisfying (1.3) have zero contrast and 

are not supported by the microscope, contributing nothing to the final image. For many 

years, this physics-based limit was a seemingly insurmountable barrier for obtaining 

high-resolution data on a biological specimen2. 

4

2 A notable exception to this is near-field scanning microscopy (NSOM), which exploits diffraction in the 

near-field to gain sub-diffraction resolution near a small region above the coverslip. Betzig, E., and 

Chichester, R. (1993). Single molecules observed by near-field scanning optical microscopy. Science 262, 

1422.

Figure 1.2: Two-dimensional optical transfer function for incoherent imaging. (a) The 
OTF in two-dimensions is a circularly symmetric function. The hard demarcation between 
what the microscope can resolve and what is inaccessible to it is defined by equation (3). (b) A 
slice through the OTF reveals that not all spatial frequencies are passed through the 
microscope with equal contrast. Those that are at the origin contribute more to the final image 
than those towards the edge.
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1.2 Super-resolution light microscopy

In the last decade, with the help of improved light sources (e.g. lasers), more sensitive 

detectors (e.g. EM-CCD cameras), brighter and more specific probes (e.g. fluorescent 

proteins), and clever ideas, imaging with a light microscope has improved dramatically. 

A significant area of research in the field has been driven by the desire to improve the 

resolution such that it is more relevant on the scale of biological structures. Numerous 

technologies – collectively termed super-resolution light microscopy - are now capable of 

detecting information at tens-of-nanometers in resolution, i.e far outside of the normally 

supported transfer function of the microscope. Each of these methods can be traced to 

one of two ideas: knowing the location of individual molecules in the sample to sub-

diffraction precision, or structuring the illumination light to ensure that fluorophores only 

within a confined, sub-diffraction region, are excited or not excited. 

 1.2.1 Localization-based techniques

The distribution of light from a sub-diffraction source can be mathematically determined 

to a precision that is far below the resolution limit itself. This concept has been 

recognized for quite a long time (Betzig, 1995; Kubitscheck et al., 2000; Schmidt et al., 

1996); notably, Yildiz, et al used this idea to develop a technique called FIONA which in 

turn was able to measure the step size of the molecular motor Kinesin and determine that 

is processed along microtubules in a “hand-over-hand” fashion (Yildiz et al., 2003). Even 

though the idea of exploiting localization precision of single-molecules for the purposes 

of resolution enhancement was published by Eric Betzig in 1995 (Betzig, 1995), the first 

implementations were not until much later. The critical requirement is that it must be 
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possible to separate molecules based on a unique characteristic such that each raw data 

frame contains only a few isolated single molecules. Researchers first explored this idea 

by using color (Bornfleth and Eils, 1998; Lacoste et al., 2000) or fluorescent lifetime 

(Heilemann et al., 2002). However, to date the most successful methods rely on either the 

inherent blinking nature of certain dyes like quantum dots (Lidke et al., 2005) or the 

light-induced photo-activatable (or photo-switchable or photo-convertible) nature of 

some fluorescent proteins or small-molecule dyes (PALM, f-PALM, STORM)  (Betzig et 

al., 2006; Hess et al., 2006; Rust et al., 2006). For brevity, I will refer to all of these 

implementations as single-molecule localization microscopy (SMLM). 

What is the relationship between localization precision and resolution? It is clear that the 

resolution of an SMLM image cannot be higher than the precision to which the molecules 

are localized, !x : only those particles separated by greater than !x  will be 

distinguishable, the very definition of resolution. However, the Nyquist theorem, as it 

applies here, requires that a structure be sampled at twice the finest spatial resolution. 

Take the very simple case of a sinusoidal sample structure with frequency f. If the 

sinusoidal structure is to be resolved then there must be a fluorescent molecule at 2f, 

imposing a required molecular density of sampled molecules for a given resolution. The 

localization precision thus sets an upper boundary for the resolution: only those samples 

with a sufficient number of molecules per area will have enough information to support 

the resolution gained from the precise localization. For a more in-depth discussion on this 

topic, please see the supplementary material of Shroff et al., 2008. Consequently, it is 

attractive to count every molecule before it is irreversibly photobleached.
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The resolution of SMLM also depends critically on the signal-to-noise ratio: the 

localization precision scales inversely with the square root of the detected photons, N, 

and directly with the background, b: !x " b/N#1/2 . Typically, a high-angle illumination 

configuration either in TIRF or near-TIRF (HILO) (Tokunaga et al., 2008) is used to 

minimize background from out-of-focus light and sensitive cameras like EM-CCDs are 

needed to detect the low number of photons that most single molecules emit. 

Importantly, the choice of the fluorescent molecule directly affects the signal-to-noise 

ratio as well. The two most important photophysical factors determining the spatial 

resolution are the brightness3 of the molecules in the fluorescent state used for 

localization, and the ratio between this state and the brightness of the molecules in the 

inactivated state. The former determines the number of photons that can be detected, 

which in turn determines the localization precision. The latter factor – the contrast ratio - 

contributes to the background, which again directly affects the localization precision. It 

should also be noted that the contrast ratio affects the resolution in a slightly more subtle 

way: low contrast ratios limit the ability of the system to localize molecules at high 

molecular densities, which is crucial for achieving high Nyquist-limited resolution 

(Shroff et al., 2008). At lower contrast ratios the background from the inactivated 

molecules overwhelms the signal from the activated single-molecules. This is the critical 

7

3 Brightness is proportional to the product of the extinction coefficient and the quantum yield. An intuitive 

way to think about this is in terms of probability: the probability a photon is emitted is the probability that a 

photon gets absorbed by a molecule (the extinction coefficient) multiplied by the probability that once a 

photon is absorbed it will emit one (the quantum yield).



paradox: while dense labeling is required for high-resolution imaging, the low contrast 

ratios of 1000 or less of most photo-activatable dyes make this a difficult goal to realize. 

The obvious disadvantage of SMLM is that it requires many raw data frames, each with 

only a few isolated molecules, to reconstruct an entire high-resolution image. For 

instance, the images in the original PALM publication were generated from raw data sets 

that were up to 50,000 frames, resulting in a final resolution of around 25-nm. As 

discussed above, there is a fundamental trade-off between spatial resolution and quantity 

of images; and, while there have been published reports on living samples (Hess et al., 

2007; Shroff et al., 2008a), most of these report on the motion of few well separated 

single molecules in a single frame. Ultimately, such high numbers of raw images limit the 

usefulness of SMLM for obtaining information on dense, highly structured moving 

objects. However, SMLM in two- and three-dimensions is well suited to track single-

particles (Shroff et al., 2008b) and to gain extremely high-resolution structural 

information on static macromolecular complexes (Kanchanawong et al., 2010).

 1.2.2 Illumination-based techniques 

Rather than treating the sample as a collection of single-molecules, another set of 

techniques treats the sample as a continuous fluorescent object and gathers information 

about the sample by structuring the incoming illumination light (Heintzmann and 

Gustafsson, 2009). In fluorescence wide-field microscopy, that is, non-structured 

illumination microscopy, excitation light is focused to a spot at the back focal plane or 

pupil of the objective, producing a collimated beam out of the objective. This nearly 
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uniform light4 excites the fluorophores in the field simultaneously and the fluorescence 

emission is collected using a spatially organized detector like a CCD or CMOS camera. 

Wide-field microscopy excels at studying live samples, because it collects full fields-of-

view simultaneously but suffers from poor lateral and axial resolution, with the latter 

being especially bad because of the singularity at the origin of the transfer function which 

manifests as the “missing-cone of information.”

Notable methods such as confocal microscopy, stimulated-emission depletion (STED) 

microscopy, and structured-illumination microscopy (SIM) use structured light to gain 

information in the axial and/or lateral dimensions. In this section I will briefly discuss the 

9

4 Nearly because it takes the shape of Gaussian which can be sampled near its peak to provide a more 

uniform illumination distribution across the field, at the cost of illumination intensity.

Figure 1.3: Jablonksi Diagram. (a) The spontaneous emission of a fluorophore. A 
fluorophore is excited by a photon with a wavelength, lambda ex, which pushes an electron 
from the ground state to the first excited state. The electron then has some probability of first 
relaxing to the lowest vibrational state in the 1st excited state and then spontaneously 
transitioning back to the ground state by emitting a photon of lower energy and thus of shorter 
wavelength. (b) Stimulated emission works in a similar way, except instead of spontaneously 
emitting a shorter wavelength photon the fluorophore is illuminated by a source tuned to the 
same wavelength as the fluorescence emission. This light source then forces the electrons in 
the excited state to emit a photon, depleting the excited state of electrons for spotaneous 
emission.  Effectinvely the depletion source, typically a laser, forces the molecules to a dark 
state which is a nonlinear process and can be used for resolution enhancement as in STED 
microscopy.
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point-scanning techniques confocal and STED, as a more detailed description of SIM 

follows in the proceeding chapters.

Confocal microscopy focuses light to a spot on the sample rather than the pupil, and then 

scans that focused light across a sample to obtain an image. If a pinhole is placed in a 

conjugate focal plane on the detection side, then out-of-focus light will be discarded and 

the sample will be ‘optically’ sectioned, filling in the missing-cone of information in the 

axial direction and removing out-of-focus light. A lateral resolution enhancement of 2  

is possible if the pinhole is closed to a diameter smaller than 1 Airy disk (Inoué, 2006); 

however, such a configuration results in the loss of many in-focus photons and 

consequently a loss of in-focus signal. It is possible to extend the resolution of a point-

scanning microscope using a nonlinear fluorescence phenomenon, and a slightly more 

complicated illumination structure. 

 

In STED microscopy two co-aligned laser beams are focused on the sample, one of them 

having a ‘donut’ illumination structure (Hell and Wichmann, 1994). The conventionally 

structured illumination beam excites fluorophores in the same way as most fluorescence 

microscopy: that is, a photon from a laser source is absorbed by a fluorophore in the 

sample, pushing electrons to an excited state, the electron relaxes to the lowest 

vibrational state in the excited electronic state, and then returns to the ground state 

emitting a photon of lower energy and thus longer wavelength (Figure 1.3a). On the other 

hand, the donut-patterned STED beam is of the same wavelength as the fluorescence 

output and is responsible for the nonlinear response from the sample. A photon from this 

10



laser stimulates the emission5 of an excited fluorophore and renders it incapable of 

absorbing another photon, effectively forcing it into a dark non-fluorescent state (Figure 

1.3b). If the STED beam drives the fluorescence depletion to saturation, then only those 

molecules falling in the region in and around the zero of the pattern will be remain 

fluorescent. The size of this can be much smaller than the conventional diffraction limit, 

and will depend on the degree of saturation. However, because of the low cross-section 

for stimulated emission, such high resolution requires extreme intensity from the 

depletion laser – on the order of GW/cm2. High light intensities are known to accelerate 

the photobleaching of fluorescent molecules (Patterson and Piston, 2000) , and 

fluorescent proteins may be especially sensitive to this phenomenon (Diaspro et al., 

2006). STED has reached 50- 70-nm resolution using fluorescent proteins depleted with 

more modest, yet still high, peak intensities on the order of ~400-800 MW/cm2 (Hein et 

al., 2008; Willig et al., 2006).

Unfortunately, not only do such high intensities accelerate the photobleaching of 

fluorescent molecules, making imaging technically difficult, but extreme intensities can 

also be damaging to cells. Where this threshold falls is under some debate and probably 

varies depending on the situation (cell type, structure, etc.) but it is clear that lower 

intensities – probably many orders-of-magnitude lower - are desirable for obtaining 

biologically useful data on living and even fixed cells. To this end, researchers have 

explored the idea of using reversibly switchable fluorescent dyes in a STED-like 

11
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behind one of the greatest inventions in the 20th century – the Laser.



configuration since the underlying concept behind STED can be generalized with almost 

any nonlinear fluorescence phenomenon. Many of the photoswitchable molecules, 

especially the GFP-like photoswitchable proteins – require intensities of 1-100 W/cm2 to 

achieve a nonlinear response.  Dedecker and colleagues (Dedecker et al., 2007) have used 

Dronpa – a photoswitchable protein – in a donut-style configuration to achieve limited 

resolution enhancement on proteins adsorbed to a surface, while the group of Stefan Hell  

has explored this idea in a wide-field configuration, again with limited resolution 

enhancement on non-biological structures or protein filled bacteria (Hofmann et al., 

2005a; Schwentker et al., 2007). To our knowledge, however, there has been no 

demonstration of resolution improvement of sub-cellular structures using photoswitching 

as the nonlinear response in an illumination-based setup.  

An inherent drawback to scanning techniques is the time it takes to scan the laser spot 

across a sample and acquire in image. Wide-field microscopy excels in this area because 

full fields-of-view are taken simultaneously. In the proceeding chapters I discuss an 

established fluorescence wide-field technique called Structured-Illumination Microscopy 

or SIM capable to twice diffraction-limited resolution and the application of this method 

to biological samples in both two and three dimensions. I also discuss an extension of this 

idea called Nonlinear Structured-Illumination Microscopy which exploits the nonlinear 

fluorescence phenomenon of photoswitching to achieve ~40-nm resolution on biological 

samples.

12



||Chapter 2

Linear Structured-Illumination Microscopy

2.1 Concept in two dimensions

As discussed in Chapter 1, in frequency space, the resolution of a microcope is 

represented by the support, or the non-zero region, of the Optical Tranfer Function (OTF) 

(Figure 2.1a). The radius of the OTF support, i.e. where the OTF reaches zero, is a 

function of the wavelength of detected light, and the numerical aperature (N.A.) of the 

objective. In general, the radius of the illumination OTF support can be slightly larger 

because of the shorter excitation wavelength used in fluorescence microscopy (due to the 

Stokes shift) but this is especially true in objective-style total internal reflection 

fluorescence (TIRF) microscopy: the detection OTF support can fall to zero within the 

N.A. required to produce TIRF (Figure 2.1b). In two-dimensonal structured-illumination 

microscopy, the sample is illuminated by a sinusodially-varying patern of light with a 

13



spatial frequency at the edges of the excitation OTF support (13) (Figure 2.1c). This 

spatial frequency mixes with the underlying spatial frequencies in the sample, some of 

which fall outside the normal OTF support, and moves this information into the 

conventional OTF support in the form of moiré fringes. Linear SIM requires that at least 

three different images are collected at different phases of the illumination pattern so that 

the information can be properly unmixed, and the pattern can be rotated to achieve 

isotropic resolution enhancment.

Under conditions of linear fluorescence this resolution enhancement is still diffraction-

limited: the same laws of physics that permit the observation of only those spatial 

frequencies satisfying (1.3), also limit the set of spatial frequencies that can be used 

successfully for the illumination pattern. In other words, k
0
 is at most 

!
ex

2N .A.
 where !

ex
 

is the wavelength of the excitation. In fluorescence imaging, the wavelength of light used 
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Figure 2.1: Linear Structured Illumination. (a) In frequency space, the resolution of a  
microscope is represented by the support of Optical Transfer Function. This support has a radius 
that is the inverse of the classical Abbe diffraciton limit. (b) In general,  the detection OTF support 
can be larger than the excitation OTF support because of the Stokes shift of most fluorescent 
molecules,  but this is especially true in TIRF microscopy. Most TIRF objectives support a higher 
N.A. of the illumination but in practice do not support the detection of these high spatial 
frequencies. In SIM, the sample is illuminated by a pattern that has a spatial frequency at the edges 
of the illumination OTF (red dots).  The information centered around this spatial frequency is 
moved into the conventional OTF support and by taking different images at different phases of the 
illumination pattern, this information can be restored to its proper place in frequency space.
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for excitation of the fluorophores is slightly larger than the wavelength of the emitted, or 

detected, light. Therefore, the highest spatial frequency of the illumination pattern can be 

only slightly larger than the highest detected spatial frequency. This effect is exaggerated 

in TIRF microscopy, which requires illumination from high numerical apertures that 

should, in theory, be supported, but are typically not in practice (Figure 3.11). Even if 

these factors are considered, the diffraction-limited resolution enhancement that can be 

theoretically gained is at most a factor of ~2.25. 

2.2 Concept in three dimensions

The method of structured-illumination can be generalized to three dimensions, as has 

been discussed and applied in reference (Gustafsson et al., 2008).  One way of doing this 

uses an illumination pattern generated from the interference of three mutually coherent 

illumination beams, as opposed to the 2D structured-illumination pattern which is 

generated from two mutually coherent illumination beams (Figure 2.2a).  The three beam 

illumination pattern contains the illumination spatial frequency used for resolution 

enhancement in the lateral direction but also contains a spatial frequency with an axial 

component. Using similar computational methods that were implemented for 2D 

structured-illumination, the information that was originally centered around these spatial 

frequencies, but was brought into the conventional OTF support, can be separated and 

moved back to its original place in frequency space. After processing, not only is the 

lateral resolution improved by a factor of ~2, but the axial resolution is improved by a 

similar factor and the out-of-focus light is removed.
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 2.2.1 Coherency

One important factor to consider when designing a structured-illumination microscope is 

the coherency properties of the illumination source. Fully incoherent sources are used in 

similar implementations to the one discussed here; notably, the apotome uses a fully 

incoherent source which optically sections the sample but fails to maximize the lateral 

resolution. On the other hand, lasers typically have ultra-long coherence lengths which 

can create stray interference patterns that are problematic for the reconstruction software. 
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Figure 2.2: Coherency considerations. (a) A simplified schematic of a 2D or 3D structured 
illumination excitation path.  Beams diffracted from a grating (diffraction orders) are focused to the 
edges of the objective back focal plane (pupil).In 3D SIM, three beams are used to create a pattern 
with both lateral and axial components.The coherency properties of the illumination beams should 
be considered for SIM. (b) Spatially scrambled laser light generates a ‘partially incoherent source’; 
that is, the points within one diffraction beam are all incoherent with each other (blue), but 
corresponding points (pink) in the other diffraction orders are coherent with each other. (c) In 3D 
structured-illumination microscopy this had the advantage that  the axial excitation light is more 
confined than with a completely coherent source.  (d) One disadvantage of this setup is that at high 
N.A. the beams may be clipped in the pupil, leading to imperfect zeros of the pattern. (e) A 
completely coherent illumination source can be used, which produces diffraction-limited spots in 
the pupil of the objective, but can create unwanted stray interference patterns. (f) In TIRF 
microscopy, small focal spots of the beams are required so that they are confined to the “TIRF 
zone”; i.e. the region of the pupil that the produces total-internal reflection.
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To alleviate this problem, it is possible to spatially scramble laser light, creating a 

partially incoherent source. In this case, every point in a source beam is incoherent with 

every other point in that same source beam, but is coherent with its corresponding point 

in the other source beams (Figure 2.2b-c). This is especially attractive in 3D imaging 

because it helps to confine the excitation light in the axial direction. However, this can be 

problematic in 2D nonlinear Structured-Illumination Microscopy, which is discussed in 

detail in the next chapter, because the partial incoherence can lead to degradation in the 

zeros of the pattern especially at high angles of incidence that are used in TIRF or near 

TIRF (Figure 2.2d). For this reason, we decided to use a fully coherent source - a single 

mode polarization-maintaining fiber - for illumination in TIRF (Figure 2.2e-f). The 

microscope was searched thoroughly for the causes of any stray interference patterns by 

looking at a thin fluorescent layer, and any sources were minimized by refining the 

alignment or blocking stray reflections.

2.3 Results on biological samples

In collaboration with labs at UCSF and the NIH have imaged many different biological 

structures using structured-illumination microscopy.

 2.3.1 2D-TIRF Microtubules in a HeLa cell

To verify that TIRF-SIM worked on the microscope I designed, I first stained HeLa cells 

for !-tubulin using antibodies. Imaging the cells in TIRF with linear SIM, provided the 

clearest picture of the microtubule network. (Figure 2.3)
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 2.3.2 Neurons

In collaboration with the lab of Rob Edwards at UCSF, I imaged cultured hippocampal 

neurons. The primary neuronal culture was transiently transfected by Effectene, which 

transfected only a small percentage of cells. mCherry was cytosolically expressed and the 

cells were immuno-stained against a pre-synaptic protein known to be involved 

Parkinson’s disease - !-synuclein. Using 3D-SIM, the dendritic spine shape was resolved 

and using multiple colors allowed us to localize the pre-synaptic protein within the 

dendretic spine (Figure 2.4).

 

 2.3.3 Ring Canal

In collaboration with Margot Quinlan from UCSF/UCLA I imaged the ring canal in intact 

Drosophila egg chambers. The egg chambers where stained with Alexa488 phaloidin and 

then stepped into ProlongGold and imaged with a glycerol objective to minimize 

spherical aberration resulting from index of refraction mismatch.  With 3D SIM we took 
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Figure 2.3: Microtubules in a HeLa cell.  Microtubules in a HeLa cell were stained with a 
primary antiobdy against !-tubulin and then with a secondary antibody conjugated to Alexa 488. 
One such cell is imaged by conventional TIRF and linear SIM-TIRF. Scale bar: 5um.



a 28-um stack through a region surrounding the oocyte. After computationally removing 

the planes containing cortex and muscle, we revealed the oocyte including the actin-rich 

ring canal structures through which surrounding nurse cells give nutrients to the 

developing oocyte. We clearly saw a characteristic braided structure to the ring canal 
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Figure 2.4: 3D SIM of cultured hippocampal neurons. Primary hippocampal neurons were 
grown in culture and transfected at low efficiency with mCherry cytosolically (red), and 
immunostainted for a pre-synaptic protein called !-synuclein (green). A max-projection of a full 
field of view is shown on top. A portion of the image is shown in grayscale which clearly shows 
shape to the dendretic spines. This same region is shown in 2 false colors and it can then be 
appreciated that two-color 3D SIM allows for localization of proteins in a synaptic context.



which previously has only been seen with electron microscopy (Tilney et al., 1996)

(Figure 2.5).

 2.3.4 Midbody

Another cellular structure which I looked with 3D SIM was the midbody in collaboration 

with Jennifer Lippincott-Schwartz’s lab at the NIH. The midbody is a tubulin-rich 

structure which develops at the end of cell division, yet its function has not been clearly 

described. Staining cells with a tubulin antibody, we imaged the midbody structure. 3D 

SIM revealed an almost ‘cup-like’ structures (not unlike the dendritic spines discussed 

above) (Figure 2.6). With multiple colors it may be possible to localize proteins within 

this structure to help elucidate the function of this cellular structure.
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28µm

24.5µm 24.5µm

Figure 2.5: Oocyte in intact egg chamber. An intact Drosophila egg chamber was stained for 
actin using Alexa488 conjugated phalloidin. We took a 28-um 3D SIM stack,  with a glycerol 
objective lens to help control for spherical aberration due to index of refraction mismatch.  After 
computationally removing the planes above and below the oocyte which contain cortex and 
muscle cells, we were able to visualize the ring canals. The ring canals displayed a characteristic 
braided structure which previously has only be visualized by electron microscopy.



2.4 Polarization effects

To maintain s-polarization of the beams relative to each other, and thus maximum pattern 

contrast for each pattern orientation, we placed a wire grid-polarizer that co-rotated with 

the diffraction grating. Correspondingly, the polarization vector was parallel to the lines 

of the diffraction grating. For most samples, we have not observed any affects of this 

polarized light, suggesting that most fluorophores (even fixed ones) have rotating dipole 

moments that are not biased toward a particular excitation polarization state. One 

exception to this has been phalloidin, which is a small-molecule toxin that binds with 

high affinity (Kd ~ 5-30nM) to filamentous actin (f-actin) (Enrique and Pollard, 1996).  

For cells stained with a fluorescent phalloidin, we noticed that the polarization state of 

the beams had a significant effect on the emission profile of the sample. For a particular 

pattern orientation, and, by consequence, a particular polarization state, we noticed that 

actin filament bundles aligned parallel to the pattern were excited preferentially to those 

that were oriented in other directions. This suggests that the dipole moment of phalloidin 

is more aligned along the long axis of the actin bundles than along the short axis.  This is 
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Figure 2.6 Midbody. The midbody of a cell is visualized by immunostating for tubulin. Under 3D 
structured-illumination microscopy the midbody displays a ‘cup-like’  structure.  With a second 
color it may be possible to localize molecules within this structure, which in turn may help to 
elucidate the function of this structure.

3-!m

0-deg +40 deg around y-axis



most easily visualized by color coding each pattern orientation/polarization state, and 

reconstructing the linear structured-illumination data so that the actin bundles are clearly 

resolved (Figure 2.7). This effect was unexpected, yet is perhaps useful for studying 

samples that have rigid chromophores, or with fast enough imaging, and polarizing filters 

in the emission path, could be used for fluorescence anisotropy experiments.

Figure 2.7: Polarization SIM on phalloidin stained cells. Mammalian cells stained with Alexa 
488 conjugated to phalloidin. The rigid phaloidin-fluorphore molecule displayed strong 
polarization effects. Different orientations of the grating, and thus different orientations of the 
polarization vector, are false colored. With such a coloring map, and linear SIM (right) it is easy to 
visualize that actin bundles that align parallel to the polarization state of the light are preferentially 
excited over actin bundles that lie in other orientations.
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||Chapter 3 

Nonlinear Structured-Illumination Microscopy

3.1 Introduction and motivation

If appropriate nonlinear fluorescence phenomena are introduced then an effective 

illumination pattern can be generated that is of theoretically unlimited resolution 

(Gustafsson, 2005; Heintzmann et al., 2002). This idea has been implemented in a point-

scanning configuration called STED (stimulated-emission depletion) microscopy and has 

shown resolution down to 16-nm on non-biological structures by using a donut-shaped 

beam tuned to stimulate the emission from excited fluorophores and decrease the 

effective focal spot of a laser beam (Westphal and Hell, 2005). Because of the low cross-

section for stimulated emission, such extreme resolution requires extreme peak intensities 

from the depletion laser – on the order of GW/cm2. High peak light intensities are known 

to accelerate the photobleaching of fluorescent molecule (Patterson and Piston, 2000), 
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and fluorescent proteins may be especially sensitive to this phenomenon (Diaspro et al., 

2006). Despite this, STED has reached 50 -70-nm resolution using fluorescent proteins 

depleted with more modest, yet still high, peak intensities of ~ 400-800 MW/cm2 (Hein et 

al., 2008; Willig et al., 2006). Similarly, Saturated Structured-Illumination Microscopy 

(SSIM) has achieved a resolution of 50-nm in a wide-field configuration on dye-filled 

polystyrene beads by exploiting saturation of the excited state of a molecule (Gustafsson, 

2005). Although the peak intensities of ~10 MW/cm2 used for saturation were a few 

orders-of-magnitude lower than those required for stimulated emission, to our knowledge 

there have been no published results of improved resolution by Nonlinear Structured-

Illumination Microscopy (NL-SIM) of biological structures due to the poor photostability 

of most fluorescent molecules under such excitation intensities.

Photoswitching is an inherently nonlinear process and has been proposed as an alternative 

to saturation or stimulated emission for resolution enhancement purposes because of the 

genetically encoded photo-switchable molecules (Ando et al., 2004; Lukyanov et al., 

2000) available, and the low light intensity needed to switch the molecules. In general, 

fluorescent photoswitchable molecules can be reversibly switched between two spectrally 

distinct states using light; saturating either of these populations states results in a 

nonlinear relationship between the fluorescence emission rate and the illumination 

intensity. This method has been implemented on purified protein adsorbed to non-

biological structures and protein-filled bacteria in one-dimension with a wide-field 

configuration (Hofmann et al., 2005b; Schwentker et al., 2007) or in two-dimensions with 
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a point-scanning, donut-mode configuration (Dedecker et al., 2007), but, to our 

knowledge, has never demonstrated improved resolution of cellular structures.

 

Here, we use the photoswitchable fluorescent protein Dronpa (Ando et al., 2004) to 

generate a nonlinear response from the sample using light intensities on the order of 1-10 

W/cm2. Taking 63 raw images with a wide-field TIRF structured-illumination setup, we 

detect information in two dimensions at greater than four times the conventional 

diffraction limit. To verify the enhanced resolution we look at purified microtubules 

coated with Dronpa, the nuclear pore complex in purified mammalian nuclei, and the 

actin cytoskeleton in fixed mammalian cells.
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Figure 3.1: Real Space Representation. (a) Spatially patterned off light (blue) is used to drive the 
molecules to the off-state.  In a small region surrounding the zeros of this pattern a fraction of the 
molecules will remain in the on-state (green).  At high saturation level (dashed green) only those 
molecules that fall directly in the zero of the pattern will remain fluorescent. This region can be 
approximated as a Guassian with a full-width at half-max (FWHM), which depends on both the 
saturation level (b) and the linespacing of the pattern (c). At high saturation levels and fine periods 
of the pattern, the FWHM of these peaks, and consequently the resolution the microscope, can be 
much higher than the conventional diffraction-limited resolution.
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3.2 Method concept

Dronpa can be reversibly switched between a fluorescent on state with an excitation peak 

at 503-nm and a non-fluorescent off state with an absorption peak at 390-nm using light 

(Ando et al., 2004). In principle, either of these states can be saturated, producing a 

nonlinear relationship between the illumination intensity and the emission rate of the 

sample. Saturating the off state should result in cleaner minima of the illumination pattern 
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Figure 3.2: Frequency Space Representation. The reconstruction of the data was done in 
frequency space. (a) The support, or non-zero region, of the Optical Transfer Function (OTF) is a 
frequency space-based representation of the resolution limit of a micoscope.  In a conventional 
microscope, the radius of the OTF support is the inverse of the Abbe diffraction limit. (b) Using 
TIRF illumination, the spatial frequency of the excitation pattern can be slightly outside the 
detection OTF support. (c) In linear SIM, the illumination pattern has a single spatial frequency, in 
addition to the DC component at the origin, (red dots) which mixes with frequencies in the sample 
itself, some of which are too fine to resolve normally.  The sample information centered at the non-
zero spatial frequency of the illumination pattern is shifted into the OTF support where it can be 
resolved by the microscope. When reconstructed, this high-resolution sample information is 
shifted back to its proper place in frequency space and the the resolution becomes approximately 
twice that of a conventional microscope.  (d) In NL-SIM, the effective illumination pattern 
contains spatial frequencies that are integer multiples of the illumination pattern.  Similar to linear 
SIM, these mix with the underlying sample information and when reconstructed can extend the 
resolution even further.  (e) By rotating the one-dimentional pattern, the entire two-dimensional 
space can be sampled.
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leading to higher signal-to-noise (Hofmann et al., 2005b); for this reason we have chosen 

to saturate the off state. Dronpa decays to its dark state under blue-light illumination with 

a characteristic time-scale, !off, dependent on the illumination intensity of the light 

(Figure 3.4a). We define the “saturation level”, ", as the ratio of the exposure time to !off. 

If the sample is illuminated with a sinusodial pattern of light that drives the molecules to 

their off state, only molecules at the minima of the pattern will remain on (Figure 3.1a). 

As the exposure time and, by consequence, " increases, the region of molecules left on 

will become more confined, its size far smaller than the conventional diffraction limit 

(Figure 3.1b). Importantly, the final NL-SIM resolution is not only a function of this 

saturation factor but also of this pattern line spacing (Figure 3.1c).

This process alone does not affect the resolution of the microscope since the collected 

fluorescence will be blurred by diffraction: additional processing must be done to 

reconstruct a high-resolution image. As in our earlier studies (8, 13, 24-26) we have 

chosen to reconstruct the data in frequency space. In frequency space, the resolution of a 

microcope is represented by the support, or the non-zero region, of the Optical Tranfer 

Function (OTF) (Figure 3.2a). The radius of the OTF support, i.e. where the OTF reaches 

zero, is a function of the wavelength of detected light, and the numerical aperature (N.A.) 

of the objective. In general, the radius of the illumination OTF support can be slightly 

larger because of the shorter excitation wavelength used in fluorescence microscopy (due 

to the Stokes shift) but this is especially true in objective-style total internal reflection 

fluorescence (TIRF) microscopy: the detection OTF support can fall to zero within the 

N.A. required to produce TIRF (Figure 3.2b, Figure 3.11). In two-dimensonal structured-
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illumination microscopy, the sample is illuminated by a sinusodially-varying patern of 

light with a spatial frequency at the edges of the excitation OTF support (13) (Figure 

3.2c). This spatial frequency mixes with the underlying spatial frequencies in the sample, 

some of which fall outside the normal OTF support, and moves this information into the 

conventional OTF support in the form of moiré fringes. Linear SIM requires that at least 

three different images are collected at different phases of the illumination pattern so that 

the information can be properly unmixed. In nonlinear-SIM, the effective illumination 

pattern, as represented by the green curve in Figure 3.1a, contains more than one spatial 

frequency. In fact, if the nonlinear phenomenon used is non-polynomial, like 
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Figure 3.3: Expected resolution and isotropic sampling. (a) The nominal expected resolution, 
as more higher-order harmonics are added to the transfer function. These numbers assume an 
effective detection N.A. of 1.3, an illumination N.A. of 1.46, and a detection wavelength of 525-
nm. The number of images in one dimension is the number of phases needed to properly un-mix 
the information components. The minimum number of images in two dimensions is the number of 
images needed to fill the two-dimensional space. Using more orientations of the pattern fills the 
space more isotropically. This is illustrated with 7 phases and 7 pattern orientations (b) or 7 phases 
and 9 pattern orientations (c). 
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photoswitching, then the effective illumination pattern theoretically contains an infinite 

number of higher-order harmonics with spatial frequencies that are integer multiples of 

the fundamental illumination spatial frequency (8). Consequently, the final NL-SIM 

resolution depends linearly on the spatial frequency of the illumination pattern as 

described in Figure 3.1c; for this reason, we chose an illumination pattern with a spatial 

frequency close to the resolution limit itself. Likewise, while the the number of higher-

order harmonics, and by consequence the number of contributing information 

components, is, in principle, infinite there where will only be a finite number that are 

detectable above the noise. The saturation level affects the number of these detectable 

higher-order harmonics and this, in turn, determines the final NL-SIM resolution (Figure 

3.2d; Supplemental Figure 1a). To unmix the high-resolution sample information that 

these higher-order harmonics shift into the conventional OTF support, more images must 

be taken at finer phase steps. The number of contributing higher-order information 

components that need to be separated establishs the number of images needed in each 

pattern orientation (Figure 3.3a), and the one-dimensional pattern can be rotated in a 

sufficient number of orientations to achieve nearly isotropic resolution enhancement in 

two dimensions (Figure 3.2e; Figure 3.3b-c). Moreover, when using photoswitching, each 

image corresponds to a photoswitching cycle, and thus a photoswitchable molecule able 

to withstand multiple rounds of cycling before photobleaching is needed.

3.3 Results

 3.3.1 Dronpa photoswitching
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As discussed in more detail in Chapter 4, the photophysical properties of Dronpa were 

evaluated to determine its suitability as a photoswitchable molecule for our purposes. 

Two parameters were tested: the emission intensity of Dronpa in its on state as compared 

to the intensity in its off state, and the overall photobleaching rate of the molecules. The 

first parameter affects the signal-to-noise of the higher order harmonics, while the second 

parameter determines how many images can be taken without a significant loss in 

fluorescence signal. 
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Figure 3.4: Photoswitching and photobleaching characteristics of Dronpa. (a) Under 
illumination with 488-nm light Dronpa decays to a reversible dark state with a characteristic off-
rate. As expected, the off-rate of Dronpa is linear with illumination intensity and does not change 
substantially with the addition of p- phenylenediamine. (b) With the exposure time, T, controlled 
for the same saturation factor (" = 5; T = "/off-rate),  the number of cycles before photobleaching 
to 1/e dramatically increased at lower light intensity and the addition of PPD (blue dots).   A 
characteristic cycling curve is shown in (c). The fluorescence from Dronpa is longer lived in the 
on-state with the addition of PPD versus PHEM buffer at the same pH (open circles). Importantly, 
the background in the off-state does not increase significantly (crosses).



Dronpa was illuminated with 488-nm laser light, which both excites the molecule and 

drives the transition from the on to the off state (Ando et al., 2004). The off to on state 

transition was driven with 405-nm laser light. The emission fluorescence intensity of the 

on state was found to be roughly 50 times greater than that of the off state (Figure 3.4c). 
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Figure 3.5: Saturation versus resolution.  To understand how the saturation level, ", affected the 
resolution of the system, we took 4 data sets each comprised of 7 phases along 1 pattern 
orientation on the same region of microtubules. In each subsequent data set we increased the 
saturation level by increasing the time used to drive the molecules to the off state. (a) Fourier 
transforming an isolated microtubule, which happened to align perpendicular to the pattern vector, 
we see the feature in frequency space appear in the higher order harmonics as the saturation level 
is increased. The feature is most clearly visible in the highest order at " =10.  (b) By taking line 
profiles through the microtubule,  we find that the resolution is enhanced from 84-nm with " =1 
(simulating linear SIM) to 41-nm with " =10. (c) By comparing the orders in the region in 
frequency space where they overlap we were able to determine the strength of the higher orders 
compared to the conventional component. As expected the strengths increased for all components 
as the saturation level increased.
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While Dronpa molecules are efficiently driven to their reversible dark state with blue 

light, there is a non-zero probability of the molecules being driven to an irreversible dark 

state (Habuchi et al., 2005). After each round of cycling fewer molecules can be 

converted to their fluorescent state, contributing to an overall photobleaching rate of the 

sample. This rate was determined for Dronpa molecules in buffer at pH 6.9, and it was 

observed that after roughly 15 cycles the fluorescence dropped to 1/e of the initial value 

(Figure 3.4b-c). We were able to increase the number of switching cycles before 

photobleaching in two ways. First, a known anti-fade reagent – p-phenylenediamine or 

PPD - was added to the sample (Figure 3.4c). Second, the intensity of the laser was 

decreased while simultaneously increasing the exposure time, so that the dose of photons 

(defined as the illumination intensity multiplied by exposure time) remained constant 

(Figure 3.4b). This was seen to have a dramatic effect on the photobleaching rate of the 

molecules. With the addition of 5mM PPD under an illumination light intensity of 5W/

cm2 we observed Dronpa switch between 60-70 times. While this number of switching 

cycles would not allow us to extend our technique to three dimensions as has been done 

for linear SIM (Gustafsson et al., 2008; Shao et al., 2008), it was sufficient for resolution 

enhancement in two-dimensions. Subsequently, we decided to implement our technique 

in total-internal reflection (TIR). With TIRF microscopy we were able to use our 

inherently wide-field technique to enhance the resolution in two dimensions over large 

fields-of-view. 

3.3.2 Resolution test on purified microtubules
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Microtubules conjugated to Dronpa by a biotin-streptavidin interaction were used as a 

resolution test. Unlabeled microtubules are 25-nm in diameter; biotin-PEG4 has a length 

of 2.9-nm; streptavidin tetramers are reported to have dimensions of 5.4 # 5.8 # 4.8-nm 

(Hendrickson et al., 1989); Dronpa itself has a similar fold to GFP which has dimensions 

2.4 x 4.2-nm (Ormo et al., 1996; Wilmann et al., 2006). Therefore, we estimate that 

coated tubules will have diameters no larger than 50-nm, which is equal to or smaller 

than the resolution we expect given the number of photoswitching cycles we were able to 

obtain from Dronpa. The linear microtubules display a strong feature in frequency space, 

which provided us a metric by which to determine if we were indeed able to detect super-

resolution information in the higher-order harmonics. We first wanted to verify the 
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Figure 3.6 Comparison of conventional TIRF, linear SIM-TIRF, and NL-SIM-TIRF. (a) Two 
Dronpa-coated micotubules imaged by conventional TIRF, conventional filtered TIRF, linear SIM-
TIRF, and NL-SIM-TIRF with 2 higher order harmonics. Scale bar: 500-nm. (b) Fourier 
transforming a different subset of the data (inset) reveals strong features in frequency space. The 
signal-to-noise ratio of the features, which represent coated micrutubles not much smaller than the 
expected resolution, decreases in each subsequent higher-order harmonic. Nevertheless, two 
microtubules display features that are visible in the second higher-order harmonic. This is most 
obvious when the orders are computationally separated above and on the right. The contrast in (b) 
was inverted for clarity. (c) Line profiles were taken through 10 microtubules and subsequently 
aligned and averaged. The filtered conventional image and associated profile was generated by 
processing the data and then discarding all orders except for the conventional component and as 
such represents the conventional Wiener filtered data. As expected the final resolution of the NL-
SIM data with 2 additonal higher-order harmonics (2HOH) is 4 times that of conventional 
microscopy or 42-nm.
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dependence of resolution on saturation level. To this end, we took 4 structured 

illumination data sets on the same region of Dronpa-coated microtubules, each with 7 

phases in one-dimension. We increased the saturation level in each subsequent data set, 

from "=1 to "=10, by increasing the time used to drive the molecules to the off state. 

Taking the Fourier transform of a region containing an isolated microtubule, which 

happened to align nearly perpendicular to the pattern vector, we saw the feature in 

frequency space become more prominent in the higher orders as the saturation level 

increased (Figure 3.5a). In real space, this corresponds to a full-width at half-maximum 

(FWHM) through the microtubule from 84-nm with a saturation level of 1 (simulating 

linear structured illumination) to 41-nm with a saturation level of 10 and two higher-order 

harmonics (Figure 3.5b). By comparing the individual orders in the region of frequency 

space where they overlap, we determined the strength of each information component, 

compared to the conventional component, as a function of saturation level. As we 

expected the strengths of each component increased with saturation level (Figure 3.5c). 

We next imaged the microtubules with our nonlinear structured-illumination microscope 

in two dimensions using "=10 and detected features in frequency space that extended 

into the second higher-order harmonic in multiple orientations of the pattern (Figure 3.6a-

b). Averaging line profiles of 10 microtubules, we measured a resolution of 42-nm 

(Figure 3.6c), or four times the resolution of a conventional microscope. Interestingly, 

because there were a few sparse single Dronpa molecules in the background, these 

samples were useful for understanding how the stochastic nature of these single 

molecules affected our images. The binary on $ off transition of single molecules is a 
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highly nonlinear process, yet the stochasticity of this process means that the molecules 

will not be reliably on or reliably off during imaging. In a few directions the single 

molecules are very narrow, while in other directions the molecules appear much broader, 

giving them a “streak”-like appearance (Figure 3.7). This effect can also be seen on the 

microtubules themselves at the highest resolution since there are fewer Dronpa molecules 

per pixel as the resolution improves and the pixel area decreases. To understand how this 

stochasticity affected the reproducibility of our images we took NL-SIM data sets in 

which we repeated the phase series for each orientation of the pattern ("=5; 5 phases; 7 

orientations). After acquisition we separated the interleaved data sets and processed each 
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Figure 3.7: Stochastic single molecules.  The contrast of the images was greatly enhanced to 
make the single molecules in the background visible over the well-coated and bright microtubule. 
The single molecules in the background are not reliably on or reliably off during imaging. After 
the processing they appear in our images as being narrow in just a few directions and broad in 
others giving them a “streak” like appearance. Importantly,  this effect can also be seen on the 
microtubules as the resolution increases and the number of molecules per pixel decreases. 
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Figure 3.8: Reproducibility of data. "To understand how reproducible our data was, we repeated 
the NL-SIM imaging on a region of microtubules. Instead of taking the full data sets 
consecutively, we took a NL-SIM data set in which we repeated the phase series for each pattern 
orientation. This was done to control for any photobleaching or drift-related effects.  After imaging, 
we separated the interleaved data sets and processed each set individually. The first processed NL-
SIM data set (7directions; 5phases; "=5) is shown in purple (a, d, g, j), the second processed data 
set is shown in green (b, e, h, k), and merging the two appears white (c, f, i,  l). To simulate low 
labeling density we used a streptavidin concentration of 0.2mg/ml (a-f); to simulate dense labeling 
we used 1mg/ml streptavidin (g-l). Even though the overall shape of the microtubule is very 
reproducible in all images, the effect of the stochastic single molecules is more apparent at low 
streptavidin concentrations (a-c) as some of the fine structure along the microtubule appears only 
in one data set. This is somewhat mitigated by using the image resulting from the off exposure as 
described in the methods section (d-f). At high streptavidin concentrations the effect of the single 
molecules is less apparent and the data highly reproducible (g-i). Combining the data from the off 
exposure has little effect (j-l). Scale bar: 1-um. 
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set individually. To simulate low and high labeling densities, we did this experiment on 

microtubules coated with 0.2 mg/ml streptavidin (Supplemental Figure 3.8 a-f) and 1 mg/

ml streptavidin, respectively (Supplemental Figure 3.8 g-l). As expected, at low labeling 

densities the effect of the stochastic single molecules was more apparent than at high 

densities. However, at low labeling density this phenomenon was slightly mitigated by 

processing the data using the images resulting from the off exposure as described in the 

methods (Supplemental Figure 3.8 d-f); this processing step seemed to have little to no 

effect on the final processed image at high labeling densities (Supplemental Figure 3.8 j-

l). While this phenomenon does not affect the overall resolution of the microtubules, 

which are well labeled along their width and thus the direction of the resolution 

enhancement we measured, it does contribute to the qualitative nature of the images, and 

should be taken into account when interpreting nonlinear structured-illumination data.

3.3.3 Biological structures in cells 

We next looked at the nuclear pore complex in human HEK293 cells transiently 

transfected with a nuclear pore protein – Nup98 (Radu et al., 1995) – genetically fused to 

Dronpa. The nuclei were purified to ensure that the nuclear membrane resided in the 

TIRF zone. They were fixed in 2% PFA, adsorbed to a poly-lysine coated coverslip, 

mounted in PPD, and imaged with 5W/cm2 of 488-nm light and saturated by a factor of 8. 

We were surprised to see no structure to the Dronpa-labeled Nup98-nuclear pore 

complexes - even with our NL-SIM microscope and 2 higher-order harmonics (Figure 

3.9). Nup98 is near the midsection of the nuclear pore basket (Wu et al., 2001) and thus 

we would expect a diameter between 50 and 100-nm (Bapteste et al., 2005; Rabut et al., 
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2004). One possibility is that the dimension of this macromolecular structure in this cell 

line is simply smaller than the resolution limit of our microscope, but other possibilities 

include over-expression, nuclear isolation, surface interactions with poly-lysine, or 

fixation. Nevertheless, these samples gave us another way to confirm that we could 

indeed achieve ~50-nm resolution, this time in a cellular context (Figure 3.9c). In order to 

verify that our technique works on more complicated structures, we next imaged the actin 
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Figure 3.9: Nuclear pore in a mammalian nucleus.  To verify that our technique works in a 
cellular context we looked at the nuclear pore in a human HEK293 cell. The cells were transiently 
transfected with a Dronpa-Nup98 construct which localizes to the nuclear pore complex. We 
purified the nucleus to ensure that the nuclear membrane resided in the TIRF zone.  (a) The entire 
nucleus is imaged by conventional TIRF microscopy and (b) by NL-SIM-TIRF microscopy using 
2 additional higher order harmonics. A subset of the data (yellow box) is enlarged and shown in 
conventional TIRF (d), linear SIM-TIRF (e), and NL-SIM-TIRF with 2 higher-order harmonics 
(f). (c) We took line profiles through 90 nuclear pores (dots). The profiles were aligned, 
normalized, and averaged (solid lines). The average FWHM decreased from 223 ± 12 nm using 
conventional microscopy to 55 ± 8-nm using NL-SIM TIRF with 2 higher-order harmonics 
(2HOH). All figures are displayed using a nonlinear intensity scale (gamma = 1.5) to highlight the 
bright but sparse nuclear pores over the dark background. Scale bar: 2-µm (a-b) 200-nm (d-f). 
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cytoskeleton in mammalian cells expressing the Lifeact peptide (Riedl et al., 2008) 

genetically fused to Dronpa (Figure 3.10). The cells were fixed and mounted in PPD, 

illuminated by 5W/cm2 of 488-nm light and saturated by a factor of 10. We detected and 

reconstructed one higher-order harmonic corresponding to a resolution of approximately 

60-nm over a field-of-view that is roughly the size of an entire mammalian cell (Fig 

3.10a). Enlarging a subset of the data revealed a closely packed network of f-actin 

bundles, the structure of which is most clearly resolved with nonlinear structured-

illumination (Figure 3.10b-d). 
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Figure 3.10: Dronpa-Lifeact in a mammalian CHO cell imaged with NL-SIM. (a) Because 
SIM is a wide-field technique, high-resolution data over a large field of view is possible.  On the 
left, a portion of the entire image is shown with conventional microscopy. The image is displayed 
using a nonlinear intensity scale (gamma = 0.65) to highlight the small filaments in the 
background over the thick and bright stress fibers.  A subset of the data is enlarged and shown with 
(b) conventional TIRF microscopy (c) linear SIM-TIRF and (d) nonlinear SIM-TIRF. Lifeact 
marks the f-actin network, the structure of which is most clearly resolved with nonlinear SIM-
TIRF. Scale bars: 5-µm (a); 1-µm (b)-(d).
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3.4 Materials and Methods

3.4.1 Microscope design

A custom SIM-TIRF microscope was built similar to those previously describe (Figure 

3.11) (Gustafsson, 2000; Gustafsson et al., 2008; Kner et al., 2009). Both 405nm and 

488nm CW-laser light were directly coupled into one single mode, polarization-

maintaining PC/APC fiber (Thorlabs P5-488PM-FC-2), using an achromatic lens (f=10-

mm). The output light was collimated, and circularly polarized (Meadowlark 

Figure 3.11: Microscope setup. 

We designed a custom SIM-TIRF microscope. Light that was collimated from a single-mode 
polarization maintaining fiber (N.A.nominal = 0.12) was first passed through a quarter-wave plate 
(QWP) to produce circularly polarized light,  and then through a custom phase grating with a 
period of 33.5-µm. The grating was mounted on a piezo-electric translational stage, which in turn 
mounted on a rotational stage. This setup allowed the grating to be translated and rotated to 
produce all the necessary pattern phases and orientations. To maintain s-polarized light at all angle 
orientations, we mounted a wire polarizer that co-rotated with the grating. The central order from 
the diffraction grating was blocked at an intermediate pupil plane and the +1 and -1 diffraction 
orders were refocused at the edges of the back focal plane of a 100# Zeiss 1.46 N.A.  TIRF 
objective.  The N.A. of the two side diffraction beams was designed to be 1.46, corresponding to a 
pattern period of 166-nm. The epifluorescence was collected, passed through a 1# Zeiss tube lens 
and directed toward a camera using a custom multi-bandpass dichroic mirror (DM) from Chroma. 
The dichroic mirror was designed to maintain the polarization state and minimize aberrations in 
the excitation light. Finally, the emission light was focused onto a 1024 # 1024 cooled CCD 
camera. (f1: 50-mm; f2: 150-mm; f3: 150-mm; ftube: 100 # fobj; f4: 400-mm; EM filters: Emission 
filters Semrock 525/40)
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AQ-050-0545), and then passed through a custom phase grating with a period of 33.5-µm 

that was translated and rotated to achieve the necessary pattern phases and orientations 

(Gustafsson, 2005). The polarization of the light was linearized and co-rotated with the 

grating to maintain s-polarized light and maximum pattern contrast at each orientation as 

described in reference (Gustafsson, 2000). All diffraction orders except the +1 and -1 

were blocked at a secondary pupil plane; these orders were focused at the edges of the 

back focal plane of a 100#, 1.46 NA Zeiss TIRF objective lens. Intermediate lens focal 

lengths were chosen to produce a maximum illumination NA of the two side orders of 
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Figure 3.12: Optical Transfer Function at different indices of refraction.  The optical transfer 
function of the 100x/1.46 N.A. TIRF objective was measured by imaging a single 100-nm 
fluorescent bead. This image was transformed to frequency space, the result rotationally averaged, 
and the singularity at the origin suppressed.  We did this process using immersion oil with an index 
of refraction of 1.518 and then using oils with successively lower indices of refraction until the 
high-frequency content of the transfer function was optimized. Not only does optimizing the high-
frequency content provide higher resolution because the extent of the conventional OTF has been 
maximized, but it also provides greater overlap between all the information components allowing 
for a greater reliability in the fit parameters  (pattern vector, scaling factors of higher orders, etc.) 
during processing and providing more isotropic resolution as the extended OTF gets larger. 
However, even in the optimized immersion liquid, the N.A. of the excitation beams still falls well 
outside the detection OTF, generating an ultra fine period of 166-nm. This is possible because the 
coherent illumination source (a single-mode fiber) transmits these high spatial frequencies with 
almost perfect modulation (95-96.5%).larger. However, even in the optimized immersion liquid, 
the N.A. of the excitation beams still falls well outside the detection OTF, generating an ultra fine 
period of 166-nm. This is possible because the coherent illumination source (a single-mode fiber) 
transmits these high spatial frequencies with almost perfect modulation (95-96.5%).
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1.46, resulting in a projected pattern period on the sample of 166-nm. To produce a 

consistent light intensity across the field of view – and thus a consistent saturation factor 

- we chose a collimation lens in front of the fiber such that the excitation light distribution 

dropped by ~20% at the edges of the field-of-view corresponding to the full CCD chip. 

The fluorescence was collected by the same objective, passed through a Zeiss 1# tube 

lens, separated by a custom dichroic setup described elsewhere (Kner et al., 2009), 

filtered using stacked emission filters (Semrock 525/40), and finally imaged onto a 

cooled back-illuminated 1024 # 1024 Andor iXon EMCCD running in conventional 16-

Figure 3.12: Sample stage design. To maintain optimal focus of the sample, a sample stage was 
designed with an external capacitive sensor. A single ended capacitive sensor was mounted to the 
sample stage above a polished steel plate, and in closed loop with a piezoeletric stage that could 
move the sample in reference to the objective. With such a system the sample remained stable on 
<50-nm on an hour timescale. However, it became apparent that it was actually thermal 
fluctuations of the objective (which such a scheme does not account for) that caused most of the 
drift.
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bit mode. The 13-µm pixels on the camera mapped to 46-nm pixels in sample space. A 

metric for determining the optimal focus was designed by calculating the ratio 

S
HF

2

! S
var

2( ) / S
LF

2

! S
var

2( ) , where S
HF

 is the high-frequency signal within the OTF 

support, S
LF

 is the low-frequency signal within the OTF support, and S
var

 is the variance 

of each as determined by measuring the noise outside of the OTF support. We created 

immersion oil from Cargile laser liquids with an index of refraction different than the one 

supplied with the Zeiss objective to optimize the 2D OTF. With the optimized immersion 

oil of 1.505 we observed that the detection OTF went to zero at an N.A. of 1.2-1.3 

(Figure 3.12). 

To maintain optimal focus, we designed a custom sample stage (Figure 3.13). A single-

ended capacitive sensor (Physik Instrumente part no. D-510) was mounted directly to the 

sample holder and in closed-loop with a piezoelectric stage (Physik Instrumente part no. 

P-611) that controlled the sample stage’s height above the objective. The axial position of 

the sensor was stable relative to a polished steel plate that directly mounted to a floating 

optical table. The microscope and sample stage were enclosed in a custom box to 

maximize thermal stability. Using this setup minimal sample drift (< 50-nm) in the axial 

direction was observed for up to 45 minutes as determined by the focus metric described 

above.

3.4.2 Image acquisition and reconstruction
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Custom image acquisition software was written using LabVIEW. Each sub-image was a 

result of 3 exposures: (a) First, the molecules were uniformly and completely turned on 

with 405-nm light (b) second, using a sinusoidal pattern of 488-nm light, the molecules 

were turned off to a given saturation level as described in Figure 1a; (c) third, the phase of 

the pattern was shifted by " to collect the fluorescence from the molecules remaining on. 

This process was repeated for a pre-determined number of phases and orientations of the 

pattern. To account for phase errors resulting from lateral sample drift, online phase 

correction was done. Successive conventional images – generated from the sum of the 

images resulting from (b) and (c) above – within a phase series were cross-correlated to 

determine the amount of sample drift between them in the direction of the pattern vector. 

This calculated number was fed back to the diffraction grating, and the diffraction grating 

was translated to compensate the next image. Ideally, such an algorithm would generate 

equally spaced phases of the illumination pattern after drift correcting the raw images. 

However, in practice, since the estimated phase correction for an image was generated by 

comparing the two previous images, there may still have been residual phase errors if this 

correction did not accurately reflect the true sample drift for the image.

The data were processed and reconstructed similarly to previously described methods 

(Gustafsson, 2000, 2005). In brief, the images within a phase series, i.e. a pattern 

orientation, were drift corrected and registered. These images were Fourier transformed, 

and separated into the 2N+1 information components where N is the number of orders, 

including the conventional component. Instead of assuming equal phase steps of 2" /(2N

+1), and thus accounting for any residual phase errors, the online drift estimation was 

44



compared with the post-acquisition drift estimation; the differences between the two were 

used to modify the ideal matrix for separating the raw data. The separated conventional 

orders for each pattern orientation were cross-correlated, and the result was used to 

correct for any drift between orientations of the pattern. The starting phase, pattern 

vector, and modulation amplitudes of each information component were determined by 

comparing successive information components within each pattern orientation in the 

region of frequency space where they overlap. As described in ref. (8) we typically found 

it desirable to manually enter the modulation amplitudes empirically because the signal-

to-noise of the highest information components was often too low for an accurate 

computational determination; this was especially true at the orientations acquired last and 

thus of the lowest signal due to photobleaching. The different components were then 

combined through a generalized Weiner filter (Gustafsson et al., 2008). Rather than being 

rotationally averaged as in our earlier studies, instead the measured OTF represented the 

true two-dimensional transfer function. To maintain high signal-to-noise of the non-

rotationally averaged 2D OTF, we averaged many isolated point sources (Invitrogen 

Yellow-Green 100-nm beads, cat. no. F8803) to obtain the final OTF used during 

processing. Finally, the enlarged, effective OTF support of the processed image was 

apodized at the edges to prevent ringing and Fourier transformed back to real space.

To detect 2 higher-order harmonics, we observed that 63 images - 7 phases, 9 orientations 

- were sufficient for nearly isotropic resolution in two dimensions isotropically. The final 

NL-SIM images on the purified microtubules took advantage of all 63 images. Under 

similar imaging conditions, we were unable to detect the second higher-order harmonic 
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on the mammalian cells transfected with Dronpa-Lifeact. In this case we simply 

discarded the second higher order harmonic. In theory only 25 images – 5 phases, 5 

orientations – would be enough to detect one higher order in two dimensions. Moreover, 

the nuclear pore and Lifeact data taken on mammalian cells were processed in a slightly 

different manner. As mentioned above, each image processed by the reconstruction 

software is a result of three laser exposures. If imaging speed is of concern only the last 

needs to be captured by the camera. However, to increase the signal-to-noise of the 

higher-order harmonics we chose to acquire the image resulting from the off exposure, (b) 

above. While most of the information contained in this exposure is the same information 

contained in the conventional and linear structured-illumination components, there is also 

a slight nonlinear component. We added this component in a noise optimal way to the 

nonlinear components that were separated from the data collected in (c) above: that is, we 

combined the separated components through a weighted sum in which the weights were 

the inverse variance of the noise for each component. 

The conventional images we have displayed in this article were generated by summing 

the images resulting from (b) and (c) above, and then averaging the resulting summed 

images to compensate for any pattern orientation-dependent intensity variations.

3.4.3 Photobleaching studies

Photobleaching studies were done in fixed CHO cells, expressing Dronpa cytosolically. 

Cells were fixed with 1% PFA in PHEM buffer (60mM PIPES; 25mM HEPES; 10mM 
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EGTA; and 2mM MgCl2, pH 6.9). They were then mounted in PHEM buffer or 5mM 

PPD in PHEM buffer adjusted with NaOH to maintain pH 6.9.

 3.4.4 Dronpa purification and biotinylation

Dronpa was purified using standard methods. Briefly, the gene was purchased from 

MBL, subcloned into a standard His-tag purification vector pSV271 (gift from D. Minor), 

expressed in E.coli, purified using gravity over a pre-packed Nickel column (GE 

Healthcare) and eluted using imidazole. The protein was then snap frozen in 5% glycerol 

and stored at -80°C.

NHS-PEG4-biotin ester was purchased from Pierce (catalog no. 21329), and conjugated 

to Dronpa in PBS, pH 7.5, at room temperature under gentle agitation for 2 hours. The 

free ester was separated from the protein with two size exclusion columns (7kDa and 100 

kDa MWCO) in a fixed angle rotor and once in a swinging bucket rotor using the size 

exclusion columns supplied with the Invitrogen biotinylation kit (catalog no. D-20655). 

 3.4.5 Dronpa coated microtubules

Biotinylated tubulin purchased from Cytoskeleton, Inc. was polymerized in BRB80 

buffer (80mM PIPES; 1mM EGTA; and 1mM MgCl2, pH 6.8) with 1mM GTP and 10% 

glycerol for 30 minutes at 37°C. To stabilize the microtubules, taxol was gradually added 

to a final concentration of 10 µM during the 30 minutes. Microtubules were pelleted at 

600,000g for 15 min at 37°C in a fixed-angle rotor over a solution of warm buffered 40% 

glycerol. The pellets were resuspended in warm BRB80 supplemented with 1mM GTP 

47



and 20 µM taxol. These microtubules were passed through a 30-gauge needle 4 to 6 

times, pelleted and resuspended as above. To prepare the samples, flow chambers were 

constructed between two coverslips using double-sided tape.

Square 25-mm and round 18-mm coverslips were sonicated in 1M KOH followed by 

sonication in Millipore water, each for 1 hour, rinsed again in Millipore water, and finally 

kept in a covered dish filled with Millipore water until use. Directly prior to use, the 

coverslips were immersed in 200-proof ethanol and dried by a pure stream of ionized 

Nitrogen air. Poly-d-lysine (Sigma catalog no. P1149) was diluted to 1mg/ml in water and 

allowed to coat the coverslip for 30 – 90 minutes. The surface was washed extensively 

with BRB80 buffer containing 1mM GTP and 20µM taxol. Microtubules were diluted to 

an appropriate concentration in this same buffer and allowed to diffuse to the surface for 

at least 1 hour. The chambers were then washed with buffer containing 1mg/ml casein 

from bovine milk (Sigma catalog no. 7078) to prevent non-specific binding of proteins to 

the glass surface; the last wash was incubated for 15 minutes. All reactions and dilutions 

that follow were carried out in BRB80 buffer containing 1mM GTP, 20µM taxol, and 

1mg/ml casein. Streptavidin (Invitrogen catalog no. S888) was diluted to a final 

concentration of 0.2mg/ml or 1mg/ml and incubated for 15 minutes. The samples were 

again washed extensively with buffer and biotinylated Dronpa was added and allowed to 

bind for 15 minutes. The coated microtubules were washed a final time. To prevent 

photobleaching, 5mM PPD was added, and the ends of the flow chambers were sealed 

with nail polish (Sally Hansen Hard as Nails) or VALAP. The underside of the objective 

was cleaned with water and ethanol and then affixed to a metal slide using small magnets.
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3.4.6 Cell culture

CHO cells were cultured using standard protocols and transfected with Dronpa-Lifeact 

using Amaxa transfection reagents. Six to ten hours after transfection the cells were 

typsinized and plated at lower density on clean coverslips to induce spreading. Cells were 

fixed 48 hours after this for 10 minutes with 1% PFA in PHEM containing 1µM 

unlabelled phalloidin (1). They were then mounted in 5mM PPD in PHEM, sealed from 

air, and imaged. Cells used in the photobleaching study were transfected with Dronpa 

cytosolically, allowed to express for 20 hours, and then fixed in 1% PFA in PHEM for 20 

minutes.

3.4.7 Nuclear Isolation

HEK293 cells cultured in 10-cm dishes were transfected with 12-µg Dronpa-Nup98 

plasmid and 30µl Lipofectamine 2000 reagent (Invitrogen catalog no. 11668). Forty-eight 

hours after transfection, cells from 2 plates were harvested by scraping and pelleted in 

PBS. The cells were then resuspended in 1-ml ice-cold Glycerophosphate buffer (10mM 

glycerophosphate, pH 7.0; 2mM MgCl2) and placed on ice for 7 minutes. After 7 minutes, 

1-ml of ice-cold water was added and the cells were placed on ice for an additional 7 

minutes. The cells were then dounced until broken and 2-ml of ice-cold Glycerol 

Stabilization Buffer (100mM Glycerophostphate, pH 7.0; 2mM MgCl2 ; and 40% 

glycerol) was added. This lysate was centrifuged at 1000g for 10 minutes at 4°C over a 

cold sucrose cushion. The sucrose cushion was pre-assembled by layering 6ml of 340mM 

sucrose over 6ml of 500mM sucrose, each buffered with 65mM glycerophosphate, pH 

7.0 with 2mM sucrose and 20% glycerol. The pellet containing the nuclei was 
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resuspended in a final storage buffer consisting of 10mM glycerophosphate buffer, 

pH7.0, 2mM MgCl2, 25mM KCl and 0.34M sucrose. The nuclei were immediately fixed 

by adding PFA to a final concentration of 2% and placed on ice for 10 minutes. The fixed 

nuclei were again centrifuged over a sucrose cushion and resuspended in the storage 

buffer. Finally, nuclei were allowed to settle on poly-d-lysine coated coverslips for 1 hour 

at 4°C, washed with PHEM buffer, and mounted in 5mM PPD in PHEM at pH 6.9. 

3.4.7 Plasmid preparation

 pEGFP-Nup98 was courtesy of the Ellenberg lab through Euroscarf (http://web.uni-

frankfurt.de/fb15/mikro/euroscarf/). We sub-cloned the Dronpa gene into the vector using 

the AgeI and BglII restrictions sites with the following forward and reverse PCR primers: 

(Forward) CTAGCGCTACCGGTCGCCACCATGGTGAGTGTGATTAAACCAGAC; 

(Reverse) GCTCGAGATCTGAGTCCGGCCGGACTTGGCCTGCCTCGGCAGCTCA

GA. 

pLifeact-Dronpa was cloned using a Clontech-style N1 EGFP cloning vector 

where EGFP was replaced with Dronpa using AgeI and NotI restriction sites with the 

following forward and reverse primers: (Forward) GCTAGCGCTACCGGTCGCCACCA

TGGTGAGTGTGATTAAACCAGACATGAAG; (Reverse) CATTCTGAGCTGCCGA

GGCAGGCCAAGTAAGCGGCCGCGACTCTAG. The resulting Dronpa-N1 cloning 

vector was cut with NheI and BamHI followed by ligation with a duplex oligonucleotide 

encoding the Lifeact sequence: (Forward) CTAGCGCCACCATGGGCGTGGCCGACT

TGATCAAGAAGTTCGAGTCCATCTCCAAGGAGGAGGGG; (Reverse) GATCCCC
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CTCCTCCTTGGAGATGGACTCGAACTTCTTGATCAAGTCGGCCACGCCCATGG

TGGCG. The final products were confirmed by sequencing. All plasmids were prepped 

using an endo-free Maxi kit from Qiagen, and eluted in water to a final concentration 

around 1ug/ul.

3.4.8 Intensity Calibration and Conditions

Since we confirmed that the off-rate of Dronpa was linearly proportional to the intensity 

of the 488-nm light (Supplemental Figure 2a), we used this rate to infer the intensity of 

the TIRF illumination, which could not be directly measured. For this measurement we 

chose to use the Dronpa-coated microtubules because they represented a purely two-

dimensional sample. First, we measured the off-rate under illumination with the central  

order of the diffraction grating. With this order we could directly measure the power 

coming out of the objective and thus calculate the intensity. We then measured the off-rate 

under TIRF illumination with the -1 diffraction order beam; this allowed us to infer the 

intensity of TIRF illumination. We next measured the power at a conjugate image plane 

behind the tube lens for the -1 diffraction order and used this as our measure of the TIRF 

intensity in all experiments. For each NL-SIM experiment, the rate constant was 

measured on the region to be imaged or on a nearby region directly prior to data 

collection. The power was then adjusted to produce the desired rate-constant (typically 

1-2 seconds) under illumination with the pattern, noting that the intensity at the peak of 

the pattern was four times higher than the intensity with uniform illumination with just 

one side order. Typically, the 488-nm power was adjusted to ~ 50uW at the conjugate 

image plane corresponding to an intensity of ~5W/cm2 at the peak of the pattern in the 
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TIRF zone and an off-time of 1 – 1.5 s. The samples were turned off  by roughly a 

saturation factor of 8-15 and exposed for a factor of 5. We used the same calibration 

factor to calculate the intensity of the 405-nm activation light. The activation energy 

required to turn on 2/3 of the molecules was measured to be ~ 40mJ/cm2. We chose to 

saturate the on state completely during imaging with activation energies of ~ 0.5 – 1 J/

cm2, observing no correlation between the number of photoswitching cycles versus the 

activation energy at and above saturation.

3.4.9 Images and figures

Images were analyzed with IVE Priism and ImageJ; Figure 1 was generated by 

Mathematica; traces were analyzed and plotted using Igor Pro. All images were 

assembled in Adobe Illustrator. 
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||Chapter 4

Photoswitching optimization

The resolution of NL-SIM is inherently linked to the photophysical properties of the 

probes. For optimal imaging and maximum resolution by NL-SIM using photoswtching, 

probes should exhibit the following characteristics:

(a) Complete turn off. Incomplete turn-off results in molecules being on in the zeros of 

the pattern, which lowers the signal-to-noise of the higher order harmonics. Our 

patterned excitation is helpful however, since the optically clean zeros of the pattern 

will lead to cleaner zeros of the emission distribution.

(b) Complete turn on. While it is not a absolute requirement that every molecule be 

switched on during an imaging cycle, this does raise potential problems: (a) it will 

contribute to overall noise in the system in the form of shot noise since light coming 

from subsequent cycles could be coming from different molecules, and (b) the fewer 

53



molecules being turned on inherently means less fluorescent signal. However, for 

dense labeling, it might make sense to only excite a few molecules per cycle, since 

this may lead to a slower photobleaching rate. 

(c) During the course of an imaging experiment, the molecules should not bleach 

‘significantly’. The exact definition of significantly is determined experimentally; for 

example, molecules that emit more photons may decay to a greater extent than 

molecules that emit less photons and still have an acceptable SNR in the last images. 

Consequently, molecules that emit more photons are more desirable than those that 

are less bright. 

At the start of the project we first identified existing photoswitchable molecules that 

seemed to exhibit at least a few of these characteristics: Dronpa and Cy-dyes.

4.1 Dronpa Optimization

Dronpa is a GFP-like fluorescent protein that can be photoswitched between a fluorescent 

deprotonated form and a nonfluorescent protonated form (Ando 2004). The protein has 

been shown to switch over 100 times in both ensemble (Ando, 2004) and single molecule 

(Habuchi, 2005) studies; however we have not been able to reproduce this result.  One 

possibility for this discrepancy is that the authors did not fully saturate the on state of the 

molecules, so that a certain percentage of molecules were left in the dark state and not 

subject to a round of switching and thus a round of photodamage. Recently mutants of 

Dronpa have been engineered that drastically increase the number of switching cycles 

(Stiel, 2007), although the number of photons per switching cycle is also decreased so 
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that the number of photons before photobleaching is less than conserved. For many of 

these rapidly switching Dronpa variants the number of photons per switching cycle is 

reduced to just a few.  Ideally we need more photons per switching cycle in addition to 

more photoswitching cycles. 

I tried to optimize Dronpa using multiple different strategies and started by varying the 

conditions of the mounting media. The photophsysical properties of Dronpa - like those 

of other fluoresescent proteins - are known to be condition-dependent. To test various 

conditions we began with pure protein and developed a method we hoped would prevent 

translational diffusion of Dronpa molecules while still allowing them to have rotational 

freedom. We polymerized acrylamide around Dronpa molecules, trapping them in the 

pores of the pad (typically 20% acrylamide); using this system, we were able to quickly 

assay and vary conditions. We tested both commercial mounting media and home-made 
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Figure 4.1: Photobleaching of  Dronpa in different mounting media. The photobleaching rate 
of Dronpa was measured in different mounting media - both commercial (right) and home-made 
(left). The best photobleachign reagent was PPD after it had oxidized overnight. After our lab 
moved to Janelia I was never able to reproduce this result.
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versions, including the glucose-oxdidase enxyme system which removes oxygen from the 

medium.  It was found that Vectashield and p-phenylenediamine, had the most drastic 

affect on Dronpa (Figure 4.1).  We also varied the pH of the buffer around physiological 

conditions but this had little to no effect. We found by experiment that if the PPD was 

allowed to oxidize overnight, we obtained the best results; however after moving to 

Janelia we were never able to reproduce this effect presumably because type of PPD we 

bought from Sigma was discontinued. PPD is known to be toxic to cells (and people) 

(Chen et al., 2006) and with this in mind we also tested a number of mutants that the lab 

of Loren Looger at Janelia Farm created by varying one of the residues  known to alter 

the switching properties of Dronpa - Val157. Unfortunately, none of these seemed to have 

a enough of an effect on the photobleaching rate of Dronpa, at least in the acrylamide 

pads. 

For the most part, I noticed a strong correlation between observation of pure protein and 

other preparations, including transfected cells. A major exception to this was Dronpa-

coated beads. Conjugating Dronpa to small polystyrene beads using a carboxyl-to-amine 

reaction, I noticed a strong change in the photokinetics of the Dronpa. Even with the 

addition of PPD, Dronpa failed to switch a sufficient number of times. Neither using a 

PEG linker, or even small gold beads solved the problem.

After our lab moved to Janelia Farm, with the help of John Macklin I returned to the 

optimization of mounting conditions for Dronpa. We decided to do our studies on Dronpa 

in the same context we would eventually image and thus did our measurements in fixed 
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mammalian cells. We discovered that we could achieve a sufficient number of cycles 

under two conditions. First, we again added 2.5 - 5mM PPD to the sample at pH 6.9 

(although the pH had little effect around physiological conditions). Second, we 

discovered that it was preferable to illuminate Dronpa with lower power over a longer 

amount of time, rather than illuminating with higher power over a shorter time. This was 

surprising to us because in, both these cases, the number of photons is the same. This 

may suggest that even at these lower excitation powers of a few tens of W/cm2 we may 

be saturating some sort of electronic state (Figure 3.4).

4.2 Cyanine dye switching

The cyanine dyes (Cy-dyes) have been used in cellular biology and single molecule 

studies for years, although it was only recently discovered that certain dye-pairs can be 

induced to switch under oxygen-depleted conditions with the addition of sulfhydryl-

containing compounds like BME, MEA, or cysteine (Rust et al., 2006), and that single 

cyanine dye molecules can also switch under similar environmental conditions with the 

the right illumination conditions (Heilemann et al., 2008).  The dye-pairs have been used 

in a PALM-like way called STORM to produce multicolor ultra-high-resolution in both 

two (Bates, 2007) and three dimensions (Huang, 2008), and the single Cy-dye switchers 

have been used in a similar implementation called direct STORM or d-STORM.

 4.2.1 Comparison of dye-pairs vs single dyes.
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The original characterization of cyanine dye switching used 2 dyes - an “activator” and a 

“probe” - conjugated to small DNA oligonucleiotides and separated by a distance 

between 1- and 5-nm. Red-shifted dyes like Cy5, Cy5.5, Cy7 were used as probes while 

activators are dyes that have shorter wavelength excitation spectra - Cy3, Alexa 532, 

Alexa 405. It was shown that the kinetics of switching depend on the distance between 

the two dyes and the the presence of more than one probe slows the on to off transition 

(Bates, 2005). DNA constructs were used to show that these switching pairs could be 

used to localize molecules for resolution enhancement purposes (Rust et al., 2006). Later 

implementations of this system, exploited random labeling of antibodies. Xiowei 

Figure 4.2 Alexa 647-Cy3 conjugated antibodies, staining !-tubulin. The cells were excited 
with a 638-nm source and activated by 532-nm source. Unfortunately, the labeling process of the 
process meant that there were a non-negligible fraction of unlabeled antibodies and a non-
negligible fraction of antibodies that turned off with a very slow time constant.  For this to be 
feasible for NL-SIM the antibodies will have to be labeled with a more stoichiometrically 
controlled process.
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Zhuang’s group at Harvard has had success using a random labeling process in which 

they bias the probe-labeled fraction of secondary antibodies towards zero (Bates, 2007).  

Modeling this with a Poisson distribution, in order to have a negligible fraction (5% or 

less) of multi-labeled antibodies 67% will have no label leading to non-ideal staining 

conditions.  If the reaction is biased towards a higher labeling fraction the percentage of 

multi-labeled antibodies becomes non-negligible, and still over 50% of antibodies remain 

unlabeled. 

With a probe-labeling fraction of ~ 0.6, I stained !-tubulin in HeLa cells (see Figure 5) 

and observed a punctate nature to the fluorescence even at the diffraction limit.  

Figure 4.3: Alexa 647-phalloidin stained cells. The cells were illuminated with a 642-nm laser 
which turned them off and a 488-nm laser which turned them back on. Even at 4seconds of full 
power from the 488-nm laser source - the time to turn on was ~4 seconds. For this to be a feasible 
system to use a lower excitation source - preferably UV of around 300-nm would have to be used. 
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Furthermore, multi-labeled antibodies turn off ~100 times slower than mono-labeled 

antibodies and go through fewer switching cycles, yet contribute more to the overall 

signal because they are multiply labeled, and thus the signal I measured was biased more 

towards these bright slowly decaying antibodies (Figure 4.2).

For these reasons, it is attractive to use the single dye switchers. It was shown 

(Heilemann et al., 2008) that single Cy5 molecules can switch on their own without an 

activator but the power required to turn them is 200 times more than the power needed to 

switch the dye-pairs. The mechanism of single dye switches was recently uncovered and 

it was discovered that the process is both pH and thiol dependent and that in the dark 

state a peak around ~310-nm appears (Dempsey et al., 2009). For my experiments, I 

stained cells with an Alexa647-phalloidin construct and imaged them under BME and 

oxygen-scavenging conditions. I noticed that I needed high powers ~ 1-10 kW/cm^2 to 

turn the molecules off, which was consistent with the dye-pairs but needed extreme 

amounts of power to turn the molecules back to the fluorescent state (Figure 4.3). I also 

noticed that I needed less power at shorter wavelengths to accomplish this which is 

consistent with the short-wavelength absorption peak. Talking to the first author on this 

paper Dempsey, et al. 2009. I learned it is desirable to illuminate the samples at UV 

wavelengths of around 300-nm but unfortunately, most objectives and optics are not 

designed for those wavelengths. 

For sub-diffraction imaging by NL-SIM, I think the Cy-dyes are well-suited for 

resolution enhancement of endogenous proteins  - something not typically available for 
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transfection of cultured cells. Moreover, they provide multiple different colors, again 

something not available yet for fluorescent switchable proteins. However for the reasons 

give above, I think the best strategy will be one of the following: 

(1) For Cy-dye pairs, the dyes must be separated by a constant distance, resulting in a 

narrow distribution of photo-kinetic rates, and the dye-pairs must probes (2-dyes) 

label antibodies with a 1:1 fraction to prevent any cross talk from neighboring probes.

(2) For single dye molecules, a setup must be optimized that uses UV light around 300-

nm possibly by activating the sample using a source from the top of an inverted 

microscopy - i.e. not through the objective.
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4.3 Material and Methods

 4.3.1Fluorescent Acrylamide Pads

Materials

 Acrylamide
 Bis-Acrylamide
 TEMED
 Ammonium Persulfate
 PBS, 1mM EDTA
 Bind Silane coated coverslips
 Repel Silane coated coverslips 
 Protein  (using stock 10mg/ml for Dronpa)
 
Procedure

Acrylamide Solution
 475 mg Acrylamide
 25g bis-Acrylamide
 1mM EDTA PBS to 1ml
 
TEMED Solution
 .25 ml TEMED
 9.75 ml PBS, 10mM EDTA

APS Solution
 .25 g of APS
 10ml PBS, 10mM EDTA
  
To make 20% gels, in this order add:
 2.4 ul TEMED
 2.4 ul APS
 1.2 ul PBS, 1mM EDTA
 1.2 ul Protein
 4.8 ul Acrylamide solution

Immediatly, add 0.8 ul of this to a Bind Silane coverslip and cover with a Repel Silane 
coverslip.

Wait 15 minutes.

Carefully peel off top coverslip and wash the pad well.

 4.3.2 Fixing and Staining Cells for Microtubules
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Adapted from Mitchinson and Vale lab protocols

Materials

BRB80 (I have substituted PHEM and have gotten satisfactory results)
  80mM PIPES, pH 6.8
  1mM MgCl2
  1mM EGTA
   Store at 4deg
  Good to make stock – say 5x
 Extraction solution: 
  1x BRB80 + 4mM EGTA + 0.5% Triton X100

Fixing solution: 3% PFA  + 0.1% Glutaraldehyde
Quenching solution: 

0.1% (1mg/ml) Sodium Borohydride in PBS
 made RIGHT before putting it on cells
 Note: Keep Sodium Borohydride desiccated at all times. 
BRB80-T or PHEM-T
 BRB80 or PHEM + 0.1% TX100
Abdil
 BRB80 or PHEM + 0.1% TX100 + 2% (w/v) BSA

   
 

Procedure

 
Extraction 

• Extract cells in Extraction Solution for 30 sec

Fix
• Add PFA/Glu mixture at appropriate concentration directly to coverslips in 

extraction solution to achieve final concentration of 3% PFA + 0.1% Glu.  

Washes
• Wash with PBS + 0.1% TX100, 3x
• Wash with PBS to remove detergent, 3x
• During the last wash, prepare Quenching solution

Quench unreacted GLU
• Right after preparing, add quench solution for 10’. You should see bubbles 

form; if not then the sodium borohydride probably needs to be replaced.
• Wash well in PBS

Block
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• Block in Abdil for 10’

Primary Ab 
• stock is 1mg/ml -> dilute in Abdil to 10ug/ml
• Add mouse anti-tubulin for 30’
• Wash well in BRB80-T or PHEM-T (5 x 2min)

Secondary Ab
• stock is 2mg/ml -> dilute in Abdil to 20ug/ml
• Add anti-mouse 2nd antibody for 2hr at RT or overnight at 4deg
• Wash well in BRB80-T or PHEM-T (5 x 2min)

Final wash
• Wash well in 1x PBS to get rid of Triton

 4.3.3 Fixing and Staining Cells with Phalloidin

 Materials

 
  PHEM Buffer: 

 60mM PIPES, 25mM HEPES, 10mM EGTA, 2mM MgCl2, pH 6.9
  Fixing solution: 
   1% PFA in 1x PHEM
  Blocking buffer: 

 PHEM – 0.1%Triton
2% BSA 

   Phalloidin (1ug/ml final concentration)
 
 Procedure

 

  Fixing
  Fix in Fixing Buffer for 10 min
  Rinse with 1x PHEM, 3 times

  Permeabilization
   Permeabilize in PHEM – 0.5% Triton for 10min
   Rinse PHEM – 0.1% Triton (3 x 5 min)
   
Blocking

• Block in Blocking buffer for 10 min

Staining

• Incubate in fluorescent-phalloidin for 20min. (Dilute in Blocking Buffer)
• Wash well with PHEM– 0.1% Triton (3 X 5 min)
• Rinse in PHEM
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||Chapter 5 

Discussion

5.1 Discussion of NL-SIM

We have used a photoswitchable protein to enhance the resolution of biological structures 

at extremely low light intensities using Nonlinear Structured-Illumination Microscopy 

(NL-SIM). We believe that these results provide the first steps for super-resolution by 

NL-SIM to address fundamental biological questions. For example, the nuclear pore is a 

highly conserved and complex macromolecular structure consisting of at least 400 

individual protein molecules (Wente and Rout, 2010). The most detailed knowledge of 

the yeast nuclear pore complex has been gained through a set of groundbreaking, yet 

technically challenging, studies using both experimental and computational techniques. 

(Alber et al., 2007a; Alber et al., 2007b) NL-SIM, on the other hand, may be able to 

provide knowledge of this protein structure simply using light microscopy and all the 
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benefits it affords – genetically targetable probes, multiple colors, etc. Likewise, there is 

much we do not understand about the actin cytoskeleton and all its molecular 

components. A super-resolution light microscope capable of rapid live-cell imaging - like 

NL-SIM could be with further technical developments – may prove critical for 

visualizing the actin network’s various structures and dynamics with the spatial and 

temporal resolution such a biological system demands (Chhabra and Higgs, 2007).

We believe the processing method we used in this paper to be advantageous for realizing 

this goal over other similar methods. Instead of processing the data in real space as was 

done in (Hofmann et al., 2005b; Schwentker et al., 2007), we chose to do all the 

processing in frequency space. It was discussed in reference (Schwentker et al., 2007) 

that a real-space analysis necessitates that the illumination pattern be easily resolved; that 

is, the spatial frequency of the pattern must fall well within the support of the OTF. Such 

a requirement means that the spatial frequency of the pattern used in (Schwentker et al., 

2007) was ~0.4kmax, where kmax is the highest detectable spatial frequency. In this article, 

we used a spatial frequency k0 that lies on the very edges of the excitation OTF support, 

and falls outside the support of the detection OTF (i.e. k0 > kmax). This was possible 

because our coherent illumination source produced a pattern with almost perfect 

modulation contrast (95-96.5%) that mixed with the sample information in the form of 

moiré fringes, which were detected and un-mixed in frequency space. As described in 

Figure 1c, the resolution of the microscope is linearly proportional to the period of the 

pattern (1/k); in this way, given the same saturation level, frequency space-based methods 
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allowed for an improvement in resolution by a factor of ~2.5 over established real space-

based methods.

While we have demonstrated NL-SIM is possible in fixed mammalian cells, in general, 

SIM is well suited for live-cell super-resolution imaging (Kner et al., 2009) because 

significantly fewer images are needed to reconstruct a high-resolution image than are 

needed for other methods. Furthermore SIM’s wide-field nature permits data on large 

fields-of-view, without a significant cost in acquisition time. What obstacles must be 

overcome for live-cell NL-SIM? The most obvious is sample motion. This concern is the 

same for all microscopy: to prevent motion blurring, the sample must not move during 

the acquisition time of a single time-point. For super-resolution techniques the motion 

requirements become more stringent since the sample must remain motionless on a length 

scale that is close to the final resolution itself. With technological advances in fast pattern 

generation that our lab and others (Chung et al., 2007; Kner et al., 2009) have developed 

and a photoswitchable probe that is able to tolerate short exposure times, a 60-nm 

resolution full-frame NL-SIM image consisting of 25 raw-data exposures could be 

acquired on a time-scale much faster than comparable techniques. For example, mEos2 in 

a mammalian cell has been able to withstand multiple PALM time points - each 

comprised of 1,500 40-ms raw-data exposures - resulting in a Nyquist-limited resolution 

of 60-nm (Shroff et al., 2008a). With a similarly photostable, photoswitchable protein we 

see no technological reasons that NL-SIM could not take data at similar frame rates. This 

would allow for an improvement in time resolution by a factor proportional to the number 

of raw-data exposures. Moreover, NL-SIM’s wide-field nature may permit larger area or 

67



volume rates than a point-scanning method like live-cell STED which has demonstrated a 

62-nm resolution at 28 frames per second on a small region of 2.5 # 1.8 µm2 (Westphal et 

al., 2008).

As stated above, for live NL-SIM to be feasible, a better probe must be found or 

developed. While, in principle, any nonlinear phenomenon can be used for resolution 

enhancement, in practice, we believe photoswitching to be the most applicable for 

biological imaging because photoswitchable molecules typically need low light 

intensities - a crucial requirement for live-cell NL-SIM. We were initially encouraged by 

published reports of high numbers of switching cycles on single Dronpa proteins 

(Habuchi et al., 2005) but ultimately, we were unable to obtain such high numbers of 

cycles in ensemble without the addition of toxic anti-bleaching chemicals and long 

exposure times that drastically increased the total acquisition time. For live-cell NL-SIM 

to be possible, another, more photostable, photoswitchable protein must be developed. 

We note that this has been possible for other proteins – notably EosFP was engineered to 

be a better probe for PALM (Mckinney et al., 2009). Our requirements are different than 

those of the localization microscopies, however. First, localization microscopies favor 

photoactivable proteins that emit all their photons in a single activation step; our 

technique needs photoswitchable molecules that are able to emit their photon budgets 

over 50 to a few hundred cycles (depending on the desired resolution and dimension), 

without a significant decrease in photon output. Second, localization microscopies 

typically need probes with very high contrast ratios of thousands or tens-of-thousands to 

detect signals from the activated single molecules, while NL-SIM may be able to tolerate 
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contrast ratios of 50-100, depending on the resolution desired. Another option is to 

employ small-molecule organic dyes or dye pairs that STORM and similar techniques use 

and that have been shown to switch hundreds of times as single molecules (Rust et al., 

2006). But, like the photoswitchable proteins, how they behave in ensemble remains to be 

fully explored. Furthermore, to photoswitch, many of these dyes or dye pairs require 

oxygen scavengers and thiol-containing compounds that are incompatible with live-cell 

imaging. Nevertheless, small-molecule organic dyes may be useful now for NL-SIM 

imaging on fixed tissue, and with further development could prove very useful for 

detecting proteins in living samples. 

Yet another consideration is one of labeling density. With high enough signal-to-noise 

ratio, localization-based techniques can localize molecules with extreme precision – as 

high as a nanometer (Pertsinidis et al., 2010).  However, if the underlying sample 

structure is to be imaged with the same resolution that the localization precision supports, 

then the Nyquist criteria demands the labeling density be sampled at twice this. 

Practically, this means that should be a sufficient molecular density of molecules for a 

given resolution and dimension; this same requirement exists for all super-resolution 

methods whether localization- or illumination-based. More probes, which can be 

genetically expressed and detect endogenous proteins at high labeling density, would be 

of great use to the field as a whole. For NL-SIM there is an additional challenge. For 

those structures that are dominated by bright low-frequency structures shot noise 

overwhelms the high-frequency signal. This may be one reason that we were unable to 

detect the second-higher order harmonic structures that are dominated by high-frequency 
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information like microtubules and the nuclear pore but were unable to detect the second 

higher order on actin. Moreover, even when we can detect these higher-order harmonics 

we find that as we add these components to enlarge the effective transfer function, the 

processed image becomes dominated by noise, severely degrading the image quality.

Perhaps even more than live-cell imaging, NL-SIM could excel at studying three-

dimensional structures. Linear SIM has been implemented in three dimensions, providing 

optical sectioning and doubling of the resolution in all three dimensions with one 

objective (Gustafsson et al., 2008) or isotropic resolution in all three dimensions with two 

objectives (Shao et al., 2008). NL-SIM could be extended in similar ways but the 

photostablity requirements of the dyes will dramatically increase. With such a probe, 

though, 3D NL-SIM represents a way for true sub-diffraction imaging of three-

dimensional structures at volumes of cubic microns. Extending other super-resolution 

techniques to three-dimensions is possible but is typically limited to thicknesses of less 

than a micron near the coverslip (Kanchanawong et al., 2010) or near the focal spot of a 

laser (Schmidt et al., 2008).

While there is much room for improvement we believe NL-SIM to be a powerful 

approach, among others, in the exciting new field of super-resolution light microscopy. 

All super-resolution techniques excel in certain aspects and fail in others – the best 

technique will be determined by the demands of the application. We believe NL-SIM to 

be best for those applications that require low light intensity and few exposures, at a 
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resolution of ~40-nm in two-dimensions with currently available photoswitchable 

fluorescent probes.

5.2 Future directions for structured-illumination microscopy

The future of SIM and NL-SIM will be almost entirely dependent on applications. Linear 

SIM, because of its ease of implementation and its ability to use conventional fluorescent 

probes, will ultimately find a large and varied range of biological applications. The recent 

development of live-SIM in both 2 and 3 dimensions opens up entirely new classes of 

biological problems that can be addressed with this technique. Of course the disadvantage 

is the limited resolution - 100-150-nm, which may not be enough for certain applications. 

In this cases, other super-resolution methods like PALM, STORM, STED or NL-SIM 

should be considered with the caveat that conventional fluorescent labeling techniques 

may not be good enough to resolve these tiny structures. An in-depth experimental 

comparison of super-resolution methods will be needed to better understand the 

dependence of resolution on labeling density for the various techniques - both 

localization-based and illumination-based. I believe there could be a certain 

complementary to the two types of techniques. The processed results that PALM and 

other techniques produce are in some ways not images- that is, they represent a ‘map’ of 

localized molecules, but are not truly optical images. Maps are most useful in a context, 

and linear or nonlinear SIM could provide that. One possible project that uses both 

methods is the study of endogenous ion channels in a synapse. I have shown that it is 

possible to resolve the dendritic spine shape using 3D-SIM; if photoactivatable 

pharmacological agents (like NMDA or AMPA) or antibodies that are selective for 
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certain channels could be synthesized it may be possible using both 3D-SIM and 

localization-based techniques to elucidate the underlying organization - or lack of 

organization - of channels at the synapse. A similar method has been demonstrated 

(Giannone et al., 2010), but the nature of the imaging did not allow for a complete picture 

- that is, while it was possible to obtain large amounts of single-particle data on the 

dynamics of endogenous proteins, it could not localize them within sub-diffraction 

regions of the sample. Additionally, 3D multi-color linear SIM could also proves useful 

in the following studies: vesicle organization and the synapse, centriole structure and 

molecular organization, molecular organization at the midbody, mitochondrial sub-

structure and nucleoid localization, microtubule and microtubule cofactor dynamics. 

While photoswitching is an attractive phenomenon for the long-term goal of live-cell NL-

SIM, other nonlinear fluorescent phenomenon may prove more advantageous for limited 

resolution in fixed-cells. Fluorophore saturation, with improvements to mounting media 

as was possible with photoswitchable proteins, could be a viable alternative in the short-

term since conventional fluorescent probes may be used.
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||Appendix

Mathematical discussion

The point-spread function (PSF) describes the response of the imaging system to a point 

source of light: it maps the emission distribution of the sample to the intensity 

distribution on the detector. Thus, an image of any object is a convolution between the 

PSF and the emission intensity:

 D(x) = (Em! P)(x) ,        (1)

where D(x) is the distribution of photons on the detector, Em(x)  is the emission 

distribution of the sample, P(x) is the PSF of the microscope, and !  denotes a 

convolution operation. Taking the Fourier transform and using the convolution theorem 

we obtain an expression describing the spatial frequencies accessible to the microscope:

 !D(k) = Em"(k) !OTF(k) ,       (2)

where the tilde indicates the Fourier transform of the function and optical transfer 

function or OTF is the Fourier transform of the PSF. In conventional fluorescence 
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microscopy, the emission distribution itself is the local product of the illumination, I, and 

the sample fluorescence, S, distributions: 

 Em(x) = I(x) !S(x) ,         (3)

or equivalently in frequency space: .   

 Em!(k) = ( "I ! "S)(k)         (4)

Rearranging (2), we obtain the Fourier transform of the observed image: 

 !D(k) = ( !I ! !S)(k) "OTF(k) .        (5)

In conventional wide-field microscopy the sample is uniformly illuminated, meaning that

!I (k)  is a delta function at the origin. In this case (5) becomes 

 !D(k) = !S(k) !OTF(k) ,       (6)

and we observe that the spatial frequencies attainable by a microscope with uniform 

illumination are limited by the cut-off frequency of the OTF, which is under ideal 

conditions described by the Abbè limit. However, if the illumination is non-uniform, like 

in structured-illumination microscopy, then (6) does not hold. 

Linear Structured-Illumination Microscopy

Consider a case that uses a one-dimensional sinusoidal-varying pattern of light as the 

illumination source. The illumination can then be described as

I(x) =
I
0

2
(1! cos(2"k

0
x +# )) ,       (7)

where k
0
 and !  are the spatial frequency and the phase of the illumination pattern, 

respectively, and I
0
 is the peak illumination intensity. By Fourier transforming (7) and 

substituting into (5) we are left with an expression for the observed image:

!D(k) =
I
0

2
[ !S(k) !

1

2
!S(k ! k

0
)e

! i"
!
1

2
!S(k + k

0
)e

+ i"
]OTF(k) .   (8)
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The first term in (8) represents all the spatial frequencies normally observed by the 

microscope (6), but the last two terms contribute new information. These terms are only 

observed in the region of frequency-space where OTF(k)  is nonzero, except now their 

origins have been shifted in frequency space by k
0
 such that part of the information they 

encode resides outside the normally supported observable region. By obtaining 3 images 

with 3 different phases, !  , of the illumination pattern we can obtain a system of 3 

independent linear equations, which allows us to separate the 3 terms in (8). Lastly, to 

obtain nearly isotropic resolution in two-dimensions the one-dimensional pattern must be 

rotated in at least three orientations. In this way, it is possible to increase the resolution of 

a light microscope by a factor of approximately 2.

Nonlinear Structured-Illumination Imaging

Equation (3) above assumes that the emission rate of the sample is linearly proportional 

to the illumination intensity. This is a valid assumption for most fluorescence microscopy. 

However, there are many known nonlinear fluorescence phenomenon: two-photon 

absorption, stimulated emission, ground state depletion, saturation, and photoswitching 

among others. Before discussing one of these phenomena in detail, consider a yet-to-be-

described nonlinear photophysical process. Then (3) becomes:

 Em(x) = F[I(x)] !S(x) ,       (9)

where F describes the nonlinear behavior of the sample in response to the illumination 

light. First, assume the nonlinearity is non-polynomial which can be expressed as a power 

series with an infinite number of terms: 

 F[I(x)] = a
0
+ a

1
I(x) + a

2
I
2
(x) + a

3
I
3
(x) + ...      (10)
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Again, consider the case of a one-dimensional sinusoidal illumination pattern. Then (10) 

becomes, 

F[I(x)] = b
0
+ b

1
cos(2!k

0
x +" ) + b

2
cos(4!k

0
x + 2" ) + b

3
cos(6!k

0
x + 3" ) + ... (11) 

After transforming (11) to frequency space and substituting the result into equation (5) 

we find that the data takes the form of a weighted sum of an infinite number of 

components: 

 !D(k) = OTF(k) b
m
!S(k ! mk

0
)e

! im"

m=!#

#

$ .     (12)

Comparing this function to the same result for linear fluorescence (8), we see that the 

m = !1,1,0 terms contain all the information from both the conventional OTF and the 

extended linear structured-illumination OTF. Importantly, (12) also contains an infinite 

number of higher-order harmonics at integer multiples of the fundamental spatial 

frequency. Of course, no imaging system is perfect: there will only be a finite number, N, 

of the higher-order information components that are able to rise above the noise because 

the power series coefficients in (10) successively decrease. Similar to the separation of 

the linear structured-illumination raw data, it is possible to separate the higher-order 

information components if 2N+1 images are taken at different phases of the illumination 

pattern. Again, the one-dimensional pattern needs to be rotated in a sufficient number of 

orientations in order to fill the entire two-dimensional space isotropically.

NL-SIM with photoswitchable molecules

We now consider the results above in relation to a specific nonlinear phenomenon – 

photoswitching. Each image used during processing is a result of three exposures.  

(a) Turn on. Because of lateral chromatic aberration between the activation light and the 

excitation light we chose to turn the sample on uniformly.
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(b) Turn off. Assume a one-dimensional sinusoidally-varying pattern of light that drives 

the molecules to the off state. This can be again be described as

Ioff =
I
0

2
(1! cos(2"k

0
x +# )) .       (13)

After some time, T , the distribution of molecules remaining on will be

Son (x) = e
!

T

I0"off
Ioff (x)

S(x) ,        (14)

where ! off   is the characteristic time to the off state and S(x)  is the sample 

distribution itself. We define the term saturation level, ! , to be the ratio of the 

exposure time T to the time constant ! off . Equation (2) then becomes,

S
on
(x) = e

!"(1!cos(2# k0x+$ ))S(x) .        (15)

(c) Expose. 

Let’s first consider the most general case in which the remaining on molecules are 

observed under uniform illumination which only excites but does not drive the 

molecules to the dark state. In this case,

Em(x) = I
0
!Son (x) = I0e

"
#

I0
Ioff (x)

S(x) = I
0
e
"
#

2
(1"cos(2$ k0x+% ))

S(x) .   (16)

Comparing equations (16) to equation (9) we find that photoswitching produces the 

desired nonlinear response. That is, 

F[Ioff (x)] = e
!
"

I0
Ioff (x)

I
0

.        (17)

Using the approximation, 

1! cos(2"k
0
x +# ) $

(2"k
0
+# )2

4
,       (18)

equation (16) can be well approximated around the region 2!k
0
x +" = 0  as a 

Gaussian distribution

Em(x) ! e
"
#

4
(2k0$x+% )

2

I
0
S(x) .       (19)

with a full width at half max (FWHM) of 
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!x
FWHM

=
2 ln2

k
0
" #

.        (20)

The numerical approximation (19) agrees well with the complete solution at moderate 

to high saturation level (Figure A.1a). From equation (20) we can see that at high 

saturation level, the FWHM of the peaks of the patterned-on molecules can be much 

smaller than the diffraction limit. We also observe why it is advantageous to use a 

high spatial frequency, k
0
, of the illumination pattern.

Now let’s consider our specific case in which we collect the remaining fluorescence 

from the on molecules by shifting the illumination pattern over by : 

Iexp (x) =
I
0

2
(1! cos(2"k

0
x + (# + " ))) .      (21)

Moreover, the photoswitchable molecule Dronpa we chose to use in our study is 

excited and driven to the off state with the same wavelength of light. Consequently, 

while the fluorescence is being detected, the molecules will be driven to the dark 

state. The total normalized integrated emission for an exposure time T
2
, or 

equivalently, for a saturation factor !
2
 will then be:
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Figure A.1: Simulations. (a) The numerical approximation (dashed line) in (18) agrees well with 
the complete solution in (16) at moderate saturation ! = 10  

 
(blue) but does not fully represent 

the solution at low saturation level ! = 2  (grey). (b) The effect of the patterned excitation 
(dashed) light can be seen at low saturation (grey) because the zero of the excitation light affects 
the non-zero trough of the patterned-on molecules (solid).  At high saturation ! = 10 (pink), there 
is no effect of the patterned excitation light compared to uniform excitation. 
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Em(x) =
1

! off
Iexp (x)e

" t
!off I0

Iexp (x)

S(x)dt
0

T2

#

Em(x) = Iexp (x)e
"$[1"cos(2% k0x+(& +% ))]

Son (x)d$
0

$2

#
  .   (22)

At low saturation (! = 2 ) the effect of the patterned excitation light is noticeable 

because the zero of the excitation light will affect the non-zero trough of the 

patterned-on molecules. However, at higher saturation (! = 10 ) there is little to no 

difference between patterned and uniform excitation because such high saturation 

creates a nearly perfect zero of the on-state pattern assuming infinite contrast ratios 

(A.1b).  For more realistic contrast ratios of tens to thousands, the effect of the 

patterned excitation light may be more pronounced and beneficial.
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