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Super-Resolution microscopy has transformed our ability to image biological specimens at 

the nanoscale with high contrast and molecular specificity. However, acquiring 3-dimensional 

images over large volumes remains a challenge because the imaging process causes fluorophores 

outside the focal volume to photobleach before they can be imaged. Additionally, acquiring 

highly multiplexed images is challenging due to a lack of spectrally distinct fluorophores which 

possess the required photophysical properties for super-resolution imaging. 

Here I present my work which specifically addresses these issues. In chapter 2 I first discuss 

the importance of sample preparation for super-resolution imaging.  In chapter 3 I introduce a 

novel labeling scheme called probe-refresh STORM (prSTORM) which enables practitioners 

obtain multiplexed, extended-depth super-resolution images with a single dye, and in chapter 4 I 

show the importance of hardware for super-resolution microscopy.  
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Chapter 1. INTRODUCTION  

1.1 A BRIEF OVERVIEW 

Cells are very beautiful, complex, and mysterious.  Their nano-scale organization is visually 

stunning, and they are marvelously organized across many different length scales. For example, a 

single cell is bustling with activity as DNA is transcribed to RNA, which is then used to 

synthesize proteins, which are the functional basis of the cell (1)(1). Sometimes cells can 

specialize their function and group together in interesting ways to form organs which all function 

in concert to give way to the mystery of complex life. In order to unravel this mystery, tools are 

needed that can study biological systems across length scales ranging from meters all the way 

down to nano-meters. 

In theory, the answer to these questions is quite simple, and as Nobel laurate Richard 

Feynman said, “You just look at the thing” (2). In practice, however, this can be quite 

challenging because cells are densely packed and organized at the nanoscale, and traditional 

fluorescence microscopy techniques are limited by the diffraction of light which obscures a 

wealth of information. While <10 nm resolution can be achieved by electron microscopy and 

atomic force microscopy,(3–5) these techniques lack the high contrast and specificity necessary 

to understand the relationships between individual molecules. This thesis addresses next-

generation super-resolution microscopy techniques which now permit researchers to study 

biological systems with molecular specificity at resolutions < 250 nm (6–13). In particular, a 

special emphasis is put on developments in single molecule localization microscopy (SMLM).  
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Additionally, this thesis gives a glimpse into the use of SMLM to observe individual redox 

events at the single molecule level to give fundamental electro-chemical insight.  

1.2 FLUORESCENCE MICROSCOPY AND THE DIFFRACTION LIMIT 

Traditional Fluorescence microscopy techniques are fundamentally limited because light 

emitted by a point cannot be focused down to an infinitesimally small spot.  This occurs because 

light passing through an aperture diffracts and interferes with itself, forming an image of an Airy 

Disc-which is known as the point spread function (PSF).  In other words, the PSF is the optical 

system’s response to a point-source emitter(14) (Figure 1.1), which means it can be calculated 

by taking the Fourier transform of the aperture function.   

𝑃𝑆𝐹(𝑥, 𝑦) = 𝐴 ∬ 𝑃(𝑓𝑥, 𝑓𝑦)𝑒−𝑖2𝜋(𝑓𝑥𝑥,+𝑓𝑦𝑦)𝑑𝑥𝑑𝑦
∞

∞
 Eq. 1.1 

 

Where 𝑃(𝑓𝑥, 𝑓𝑦) represents the circular aperture of the objective, whose radius is given by NA/λ 

(14, 15). NA represents the numerical aperture of the lens, and λ is the wavelength of light. 

Finally, The spatial frequencies in the x and y directions are given by 𝑓𝑥, and 𝑓𝑦 respectively(14, 

15). From this perspective, as the aperture grows larger it captures more spatial frequencies, 

which shrinks the size of the central spot proportionally (Figure 1.2). The resolution of the 

microscope is the closest distance at which two point emitters can be distinguished.  This idea 

was first put forth by Abbe(16), and later refined by  Rayleigh(17). Therefore, if two point 

emitters are located side-by-side, how easily they can be distinguished is determined by how 

narrow the central spot is. Rayleigh said that two points are distinguishable if the maxima of one 

point is at the first minimum of the Airy pattern, according to (17): 
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Figure 1.1 Circular aperture, of radius R = NA/λ (left), and the magnitude of its Fourier transform 

(right) which is an Airy Disc 

  

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑥,𝑦 = 0.61
𝜆

 𝑁𝐴
    Eq. 1.2 

where λ is the wavelength and NA is the numerical aperture of the lens.(16) This equation is 

known as the Rayleigh criterion. By inspection, one can see the resolution could be improved by 

increasing the NA. For example, The NA can increased to be > 1 by immersing the objective in 

oil which has a high index of refraction.  However, the NA cannot increase infinitely because it 

is not possible to manufacture a perfect lens.  Excellent resolution can also be obtained if the 

wavelength of light used is very short. However, the energy content of these waves is so high, it 

makes it impossible to study living organisms without killing them.  On the other hand, epi-

fluorescence, and confocal microscopy are work-horse tools in biology because they can 



15 

 

relatively non-invasively probe biological specimens by labeling specific molecules with little to 

no background signal. 

 
Figure 1.2 A (left) Light emitted from an object passes through an objective lens and is focused 

onto a plane with intensity distribution I. In the top figure the objective has a large aperture, 

compared to the bottom figure which has a smaller aperture.  The intensity distribution at the focal 

plane is narrow for the large aperture and broad for the small aperture.  A (right) Calculated 2D 

images of an airy disc corresponding to a large (top) and small (bottom) aperture.B) Calculated 

pair of airy functions at different spacing to demonstrate the idea of resolution B (left) When the 

peak of one point emitter placed far away from its neighbor, the two points are easily distinguished. 

B Center) When one point is placed at the first minimum of the airy pattern the Rayleigh criteria 

is met and this is the limit of resolution.  B Right) when two points are placed closer than the 

center image, they become indistinguishable and are not resolved  
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Figure 1.3 Artistic rendition of diffraction limited mitochondrial region using standard 

fluorescence techniques.  Here the diffraction of light obscures the fine details. Once the 

diffraction limit is broken, one can observe the green mitochondrial membrane, with green 

embedded electron-transport chain proteins in green.  The orange and yellow molecules are 

DNA/DNA associated proteins, and the pink molecules are ribosomes. (Figure adapted from 

Goodsell, D.S. 2010)  
 

These techniques are limited to a resolution >250 nm because of the objective lenses and 

wavelengths used—making  it impossible to observe the fine detail of the cell (Figure 1.3) (18).  

Consequently, there has been significant motivation to develop optical microscopy methods that 

can surpass the diffraction limit, while maintaining the ability to study biological systems with 

high contrast and molecular specificity.   

1.3 DIFFRACTION-LIMITED FLUORESCENCE MICROSCOPY 

In a standard diffraction-limited fluorescence microscopy experiment, a specimen is densely 

labeled with fluorophores. A laser beam illuminates the specimen, causing the fluorophores to be 

excited into their first excited state (S1) from the ground state (S0) (Figure 1.4A). Then a large 

fraction a large fraction of the excited fluorophores emit a photons as they decay back down to 
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the ground state. These photons are collected by an objective lens and are focused onto a 

detector, forming an image (Figure 1.4B, C). 

 

Figure 1.4 Jablonski showing a fluorophore in its ground state S0 getting promoted to its first 

excited state, S1 , via excitation with a blue laser focused down to a spot ~250 nm in size.  The 

emission of the fluorophore is red-shifted as it decays back down to the ground state S0, which 

also is detected with a PSF of >250 nm 

Schematic of a confocal fluorescence microscope.  A dichroic mirror (DC) is inserted into the 

beam path filtering out the excitation light- allowing only emitted light to reach the detector. A 

pinhole is placed conjugate to the sample plane to reduce background fluorescence from reaching 

the detector.  

The ground truth structure (left) is blurred by the diffraction of light, and produces a fuzzy image 

(right). 
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1.4 STRUCTURED ILLUMINATION MICROSCOPY (SIM) 

Structured Illumination microscopy is a technique that illuminates the specimen with a high 

spatial frequency striped pattern which creates sidebands of a lower frequency that can be 

analyzed to reconstruct a high-resolution image.  In a common SIM implementation, a 

diffraction grating is used to generate a high spatial frequency pattern, at the limit of what the 

objective can detect (Figure 1.5A). When this pattern is used to illuminate the specimen, high 

spatial frequency information beyond the diffraction limit becomes encoded in lower frequency 

interference patterns called Moiré fringes which can be detected through the objective lens. The 

patterned light is rotated through several angles and phases collecting a series of images, each 

with high frequency information encoded in the lower frequency Moiré fringes (Figure 1.5B).  

The collected images are computationally analyzed in order to extract the high frequency 

information – resulting in approximately a 2-fold increase in resolution compared to 

conventional microscopy (Figure 1.5C) (7). In less common implementations, non-linear optical 

effects can be exploited to achieve resolutions as >50 nm via SIM (19). While common 

implementations of SIM do not achieve as high a resolution as STED or SMLM, it can be quite 

advantageous for studying live cells. This is because SIM can achieve relatively fast acquisitions, 

with a lower light dose compared to other techniques—reducing artifacts due to photo-toxicity. 

Additionally, unlike SMLM and STED, it does not depend on special properties of the 

fluorophore, making spectral multiplexing much easier.     
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Figure 1.5 High spatial frequency patterned light (blue) is used to illuminate a specimen 

(green), resulting in low frequency Moiré fringes. 

In wave vector space, the disc outlined in red represents the wave vectors the objective lens 

can detect. The specimen is illuminated with largest magnitude wave vector the objective can 

detect (white dots).  This increases observable region of the objective by creating sidebands in 

image space which can be computationally analyzed to extract the high frequency information.  

The wave vector is rotated through different angles (right) which increases the final resolution 

of the image. C) Schematic in image space of light illuminating a specimen at different angles 

and phases. Following computational analysis, a high resolution image can be obtained.   

  

In one example, Lesterlin et al. studied DNA double-strand breakage and subsequent repair using 

3-D SIM in live E. coli, revealing unexpected roles of RecA bundles in DNA repair (20).  

1.5 STIMULATED EMISSION DEPLETION MICROSCOPY (STED) 

Stimulated emission depletion microscopy (STED) breaks the diffraction limit by utilizing 

two overlaid laser beams—an excitation beam and a depletion beam. The excitation beam is 

focused down to a spot and is used to excite an ensemble of molecules so that they can 

radiatively decay and emit photons. At the same time, a donut-shaped and red-shifted depletion 
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beam reduces the excited state population of molecules in the periphery of the excited molecules 

by driving them to the ground state – resulting in stimulated emission of light outside the 

detection band. Effectively this causes very few of the molecules in that focal volume to be 

optically detected, shrinking the PSF to < 250 nm and breaking the diffraction limit. Images are 

acquired by raster scanning the two beams relative to the sample, and collecting light that is 

emitted from each point (Figure 1.6) (6).  

STED microscopy has been used to great effect in order to observe somatosensory neurons in 

live transgenic mice expressing yellow fluorescent protein. Researchers achieved <70 nm 

resolution, revealing the movements of dendritic spines in the live brain (21). STED has also 

been used effectively in the field of virology because virus particles are much smaller than the 

diffraction limit. In one example, Chojnacki et al. visualized the glyco-protein distribution on the 

surface of individual HIV-1 particles. They found that rearrangements of the inner protein lattice, 

altered the virus surface, preparing it for successful entry into a host cell(22).  

Compared to other modern super resolution techniques, STED can achieve resolution on par 

with single molecule localization (discussed next), but acquiring multiplexed images is 

challenging due to the fact that in most implementations two lasers are needed to acquire a single 

color channel. STED also is challenged with photobleaching because relatively high laser powers 

are required to shrink the PSF. Also, producing a doughnut shaped beam increases the 

complexity and cost of the optics. 



21 

 

 

Figure 1.6 (A)In STED microscopy a blue excitation beam exciting ground state (S0)  

molecules into the first excited state (S1).  The excitation beam is combined with a red-

shifted, doughnut shaped depletion beam, which drives molecules from S1 to S0 resulting in 

red-shifted stimulated emission which is not detected.  Consequently, only a small number of 

molecules emit detectable photons, which results in an emission PSF that is much smaller 

than the diffraction limit (<70 nm). (B) Diagram of a STED microscope.  Beam-shaping 

optics are inserted in the depletion path in order to shape the beam into a doughnut. Note, 

sometimes the phase plate is used together with a carefully-positioned lens. (C)After the 

STED beam has been raster scanned over the specimen, a high resolution image is produced. 

Illustration depicts resolution improvement by STED.   
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1.6 SINGLE MOLECULE LOCALIZATION MICROSCOPY (SMLM) 

 

Figure 1.7 Depiction of SMLM microscopy.  Under normal conditions a specimen is densely 

labeled with fluorophores whose PSFs are all overlapping, obscuring the fine detail beneath the 

diffraction limit. In SMLM, individual emitters are stochastically activated and imaged over many 

frames, ideally with no overlapping PSFs. After thousands of frames, the localizations are 

aggregated to reconstruct a super-resolution image, revealing fine structural details beneath the 

diffraction limit.  

 

SMLM breaks the diffraction limit by stochastically observing sparse subsets of molecules 

sampled from a densely labeled cellular structure, and localizing their centroids with >25 nm 

accuracy. Under typical epi-fluorescence conditions a densely-labeled specimen would have its 

fine details obscured because all the emitters’ PSFs would be overlapping. In contrast, SMLM 

separates out the emitters in time, such that for any individual frame there is a low probability 

that two or more molecules will be simultaneously emitting in the same excitation volume (8).   
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Figure 1.8 (Top Row):  A single molecule is fit with a Gaussian function in order to determine 

its mean position with sub-pixel accuracy.   The uncertainty of the mean position is inversely 

proportional to the number of photons emitted. (Bottom Row)  It is important at any moment in 

time there is only one emitter present per diffraction limited region.  Ideally, only one molecule 

appears in the diffraction limited region resulting in a correct localization. However, if two or 

more fluorophores emit in the same focal volume the Gaussian fit is skewed which results in an 

incorrect localization that is approximately between the emitters.  

 

For every frame during an acquisition the PSFs are identified, and each PSF’s centroid is 

determined at sub-pixel accuracy and with extremely high precision (23–25). After a sufficient 

number of frames, typically thousands, an image is computationally reconstructed using the 

centroids of the localizations (Figure 1.7). If the localizations are modeled using Gaussian 

functions, then one can approximate the uncertainty of the localization by the standard error of 

the mean for a Gaussian function, where σ is standard deviation of the Gaussian fit, and N is the 

number of detected photons (24).  
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𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 ∝
𝜎

√𝑁
     Eq. 1.3 

Spreading out the localizations in time is important because overlapping PSFs are difficult to 

fit computationally and tends to produce so-called double-localization artifacts (Figure 1.8) (26). 

Importantly, there are a variety of techniques used to take a dense distribution of molecules and 

spread out their localizations over time so that they do not overlap, which are reviewed below. 

1.7 USE OF FLUORESCENT PROTEINS IN SMLM: 

Cells can be genetically modified to express fluorescent fusion proteins like photoactivatable 

green fluorescent protein (PA-GFP) in order to label structures of interest (9, 10). Initially PA-

GFP is in a dark state and is not optically detectable. It is then switched to a bright state with 

illumination by an activation laser at one wavelength, and it is then visualized with illumination 

by an excitation laser at a different wavelength. The intensity of the activation laser is tuned such 

that only small number of molecules in the field of view are activated, and ideally separated by 

distances larger than the diffraction limit. Then the excitation laser is used to image the 

molecules so that their centroids can be determined, and then the molecules are photobleached.  

If this cycle is repeated many times over thousands of frames, a super resolved image can be 

reconstructed (9, 10).  

This technique is advantageous because the probes are genetically encoded and can be used 

to observe cellular dynamics at super-resolution. For example, FPs were used to observe cellular 

adhesion dynamics in live Chinese Hamster Ovary (CHO) cells at <60 nm resolution (27).  It is 

worth mentioning, that the high-powers required for imaging are often times toxic for cells, and 

photon-resistant cell lines must be used. Additionally, this technique is useful for probing 

cellular dynamics that occur on the time scale of minutes because multiple frames need to be 
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recorded in order to create a snapshot in time. This implies that processes occurring faster than 

the imaging speed would get averaged out (i.e., would produce blurry images) or would be 

rendered invisible (27). Taken together this implies that the PALM could be improved by 

developing genetically encodable probes that are brighter and have higher quantum efficiencies.  

This would permit the use of lower power lasers, faster imaging, and the ability to image the 

specimen for a longer period of time. 

1.8 USE OF ORGANIC FLUOROPHORES FOR SMLM 

Organic fluorophores can be used to label proteins of interest by covalently linking them to 

antibodies which are targeted to proteins of interest. Alternatively, the fluorophores can be 

directly targeted via a genetically encoded SNAP or HALO tag (28–33). Then a chemical 

reaction is used to switch the dyes between a dark and fluorescent state, separating out the 

emitters in time. Like other techniques, bright and photo-stable probes are necessary for accurate 

localization. However, since the photoswitching behavior is photo-chemically controlled, 

conditions need to be manipulated such that the dye is fatigue-resistant, emits many photons, and 

remains mostly in its dark state. This is important because in any diffraction limited volume, it is 

desirable to only have one fluorophore emitting in order to avoid artifacts. The duty cycle of a 

dye, or the fraction time it is “on”, determines the probability that two fluorophores will be 

emitting in the same diffraction limited volume, and thus fundamentally limits the number of 

fluorophores that can be packed into a diffraction limited region before emitter PSFs overlap and 

create imaging artifacts (13, 26). Consequently, it is critical to select dyes that both emit many 

photons when switched into the “on” state, and remain mostly in their “off” state.    
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For example, cyanine dyes have been used in conjunction with an oxygen scavenger and thiol 

or tris(2-carboxyethyl)phophine (TCEP) in solution to produce ~25 nm resolution images in a 

matter of minutes (12). Also, oxazine dyes have been used in conjunction with ascorbic acid and 

methyl viologen in order to utilize redox chemistry to reversibly switch dyes between an 

emissive and non-emissive state (34).  In a third example intramolecular reactions have been 

engineered into variants of rhodamine dye which switch by controlling formation of a spiro-ring 

to brake the conjugation of the fluorophore (35).  

Dempsey et al. conducted a systematic study of 26 organic dyes that exhibited blinking 

behavior and could potentially be used for super-resolution imaging.  In their study Alexa647 

with a thiol (beta-mercaptoethanol) emerged as the most superior dye because it is very 

photostable, has many switching events before photobleaching, emits many photons per blink, 

and has a favorable duty cycle (Figure 1.9) (36). In practice this means Alexa647 is easy to use, 

and can produce excellent images.  Compared to other methods, SMLM with Alexa647 can be 

performed at blazing fast frame rates (500-1000 Hz), allowing the accumulation of many high 

quality localizations in a matter of minutes (13, 36, 37). This is particularly advantageous 

because it allows structures to be highly sampled and an image to be generated on the order of 

minutes rather than hours.  The order of magnitude higher data rate positions Alexa647 as the 

ideal fluorophore for high-throughput super-resolution microscopy applications like machine 

learning and artificial intelligence. Depmpsey et al. also identified spectrally distinct dyes which 

could be used for multiplexing however none of them provided an equivalent performance to 

Alexa 647 (36).  

 



27 

 

 

 

Figure 1.9 Photoswitching mechanism of Alexa647:  The dye starts in a bright emissive state.  

When excited by red light it undergoes a reversible reaction with a thiolate anion, which attacks 

the polymethine bridge.  This breaks the conjugation and renders the dye non-fluorescent. 

1.9 CHALLENGES FOR ORGANIC FLUOROPHORES  

Given the fact Alexa 647 is generally regarded as the best SMLM dye, methods for 

multiplexing utilizing only Alexa647 have been tried.  For example, Alexa647 can be paired with 

Cy3 and A405 in an activator-reporter scheme (38). In this scheme, illumination of an activator 

molecule (Cy3 or A405) at its absorbance band (e.g., 560nm or 405nm) can be used to 

photoactivate nearby Alexa647-thiol adducts. Then Alexa647 is probed, and its location is 

assigned to the appropriate activator channel. Effectively, this gives two channel fluorescence 

using only Alexa647 however great care must be taken to minimize cross talk between the 

channels (38). In another example, researchers also have used cyclic-immunofluorescence to 

extend the number of channels that can be acquired. In this scheme, a specimen is 

immunostained, imaged, the fluorescent signal is quenched, and then the specimen can be 

immunostained for a different antigen (39, 40). Although this method is effective, it can take a 

whole day to acquire a few channels of data because re-staining, and finding the same location 

on the glass slide can be time consuming. 

Even though Alexa 647 is the best dye, it is still prone to photobleaching, which is especially 

problematic if researchers want to obtain 3D images at extended depths. It is crucial to sample 
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the structure of interest densely, and Legant et al. suggest sampling at 5x the Nyquist criteria 

because sampling is conducted stochastically rather than periodically. When performing 3D 

SMLM, the specimen is bathed in light, causing fluorophores outside the focal volume to photo-

bleach before they can be localized. While it is possible to obtain 3D volumes by scanning the 

focal plane, the total number of available localizations must be divided up between all the focal 

planes (41, 42). Effectively, this lowers the density of localizations in each individual focal 

plane.  This results in images that are lower quality because the structures were not sampled 

densely enough, and it fundamentally limits the imaging volume because once the specimen 

photobleaches completely no more information can be obtained  

1.10 USE OF DNA CONJUGATED FLUOROPHORES FOR SMLM 

In typical implementations of DNA points accumulation for imaging in nanoscale 

topography (DNA-PAINT), a specimen is labeled with anti-bodies bearing unique, short strands 

of DNA (< 20 nucleotides). The positions of the DNA barcodes and antibodies are read out, by 

flowing dye-conjugated reporter oligonucleotides over the specimen. The reporter 

oligonucleotide is chosen such that it is complimentary to one DNA-antibody conjugate and 

orthogonal to the rest. As it flows over the specimen, the reporter diffuses to its complimentary 

strand, and transiently binds and is localized with high precision. Most PAINT experiments are 

conducted in total internal reflection (TIRF) geometry, limiting the detection volume to a few 

hundred nanometers above the coverslip, which reduces the background originating from probes 

diffusing in the bulk solution (11, 43). More recent implementations of PAINT relax the TIRF 

geometry constraint by imaging through a confocal spinning disc, which reduces background by 

providing optical sectioning and allows large 3 dimensional volumes to be imaged (44). PAINT 
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is also advantageous because fresh reporter probes are added during image acquisition, making it 

immune to photobleaching. Additionally, it does not depend on any special excited state 

properties of the fluorophores-allowing virtually any fluorescent molecule to be used (43).   

While PAINT has numerous advantageous and is a notable super-resolution technique, it has a 

few drawbacks. First, PAINT is limited by how quickly the reporter probes bind to their 

complimentary targets within the cell. This association rate is directly proportional to the bulk 

concentration of probes, so a high concentration leads to a fast association rate. However, at the 

same time, a high concentration of bulk reporter leads to an increase in the background signal.  

At some point the bulk concentration gets high enough, that individual localizations are not 

observable against the background (11). This implies that the imaging speed of PAINT 

inherently is limited by the background against which the localizations are measured. As a result, 

PAINT experiments are typically performed around 20 Hz (45–47). This provides an acceptable 

level of bulk-background fluorescence, while allowing sufficient time for a reporter probe to 

diffuse into the detection volume, transiently bind to its target, get localized, and diffuse away.  

This can be problematic when imaging structurally dense targets which require very high 

sampling rates because the specimen may need to be on the stage for a day or more in order to 

accumulate a sufficient number of localizations (47).  

1.11 SUMMARY 

The last decade of developments in super-resolution imaging has set the stage for probing 

biological specimens at the nano-scale and will continue to develop into the future. Commercial 

versions of these instruments have become available, democratizing the techniques and making 

them available to a wide range of practitioners. However, there is still a need to develop and 
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optimize sample preparation techniques, multiplexing strategies, and hardware setups in order to 

get these tools in the hands of practitioners. These categories span the space of chemistry, 

biology, and optics, and when brought together they enable researchers to examine the nano-

scale structure of cells at >25 nm resolution.   

This thesis addresses key issues across these disciplines. In Chapter 2 I show the importance 

of sample preparation in super-resolution imaging. Then in Chapter 3 I show how bio-conjugate 

chemistry can be used to refresh the fluorescent signal of photobleached specimens, and to 

multiplex using a single dye. Finally, in Chapter 4 I describe the importance of hardware to 

microscopy, and show how I have created setups that are highly customized for the end user. 
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Chapter 2. ‘POINT BY POINT’: AN INTRODUCTORY GUIDE TO 

SAMPLE PREPARATION FOR SINGLE-MOLECULE 

SUPER-RESOLUTION FLUORESCENCE 

MICROSCOPY 

2.1 PREFACE 

A great super-resolution image starts with careful sample preparation. Super-resolution 

techniques are ideal for showing the fine structure of cells as long as the structure is well 

preserved and labeled. It is a common misconception that super-resolution techniques can take a 

poorly prepared sample and improve the image quality. In fact, these techniques do the opposite, 

and instead reveal and amplify artifacts due to sample preparation. Consequently, it is critical 

that the sample be well preserved and labeled before proceeding to super-resolution imaging. 

The protocol which I co-authored below was my first project. Since I was a new practitioner of 

super-resolution imaging, I played an important role in validating the procedures outlined in the 

article, and in ensuring that the directions were clear to novices. This was an ideal project to start 

with because it laid the foundation for my past and future work in microscopy.  

 

The following material in this chapter is reproduced with permission from: 

Halpern, A.R., M.D. Howard, and J.C. Vaughan. 2015. Point by Point: An Introductory Guide to Sample 

Preparation for Single-Molecule, Super-Resolution Fluorescence Microscopy. Current Protocols in 

Chemical Biology. Hoboken, NJ, USA: John Wiley & Sons, Inc. pp. 103–120. 
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2.2 ABSTRACT 

Single-molecule localization-based super resolution microscopy is able to reveal detailed 

sub-cellular structures and protein distributions below the classical ~250 nm diffraction limit of 

light, but utilizing the technique effectively requires a combination of careful sample preparation, 

data acquisition, and data analysis which can be daunting to newcomers. In this protocol, we 

provide detailed instructions on preparation of robust reference samples for super-resolution 

microscopy, including the cytoskeleton (microtubules), membrane-bound organelles 

(peroxisomes), and scaffold proteins (clathrin). These samples also constitute a representative 

subset of imaging targets of interest to biological researchers which instruct on the differences 

and similarities in sample preparation. 

Keywords: Super-resolution microscopy, STORM, PALM, microtubules, peroxisomes, clathrin 

2.3 INTRODUCTION 

Fluorescence microscopy has become an indispensable tool in biology owing to its ability to 

non-invasively image specific biological molecules or structures in fixed or living cells. 

Traditionally, fluorescence microscopy has faced the limitation of a poor spatial resolution (~250 

nm) that is mismatched to the length scales of the molecular building blocks of the cell (e.g., ~3 

nm for a small protein) by about two orders of magnitude. Electron microscopy and atomic force 

microscopy attain much higher spatial resolution, on the order of a few nanometers or better, but 

generally with poor molecular specificity and/or the limitation of measuring surface features. 

Super-resolution fluorescence imaging techniques now bridge the gap between the ~250 nm 

optical diffraction limit and the molecular scale, with routine measurements now in the ~20-50 

nm range, while maintaining high molecular specificity and capabilities for live-cell imaging.  
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One set of approaches to circumvent or extend the diffraction limit utilizes patterned light to 

restrict fluorescence to defined regions within the sample and then repeats this process by 

scanning the patterned light across the sample, such as in Stimulated Emission and Depletion 

(STED) microscopy or Structured Illumination Microscopy (SIM) (1–5). Another approach 

utilizes stochastic single-molecule localization in order to determine the positions of the 

individual fluorescent molecules labeling the sample. The single-molecule approach is known by 

several names, including Stochastic Optical Reconstruction Microscopy (STORM) (6, 7) and 

(fluorescence) Photoactivated Localization Microscopy ((f)PALM) (8, 9). For simplicity sake, we 

refer to the single-molecule approach here as STORM/PALM. 

While immensely enabling, these super-resolution imaging techniques are also more challenging 

than many traditional fluorescence imaging techniques. Key factors include sample quality 

(structure preservation and fluorescent labeling), imaging cocktail, laser power density, camera 

frame rate, stage drift, multicolor imaging, image analysis, and reconstruction. Each of these 

factors can affect the quality of the output images, and some of these can be difficult to 

troubleshoot. In this protocol we will focus on the fluorescent immunostaining of three 

exemplary structures for STORM/PALM imaging, microtubules, peroxisomes, and clathrin, all  

of which exhibit distinct sub-diffraction limit features, as well as dye selection, antibody 

labeling, and imaging conditions. Our goals are twofold. First, we aim to provide robust 

protocols for generation of excellent reference samples which practitioners can use to benchmark 

the performance of their microscope and analysis procedures. 
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Second, we hope to highlight some of the important considerations in staining a variety of 

samples, since the challenges and details of sample preparation are typically underappreciated by 

new users of these techniques. 

 

Figure 2.1 Sample preparation workflow and corresponding protocol steps for staining tubulin 

(MT, green), peroxisome membrane protein 70 (PMP, purple), or clathrin (Clath, orange). 

Secondary antibody dye conjugates are used for cell staining in step 7, and are described in Support 

Protocol 1. An imaging cocktail is used to facilitate photoswitching and should be appropriately 

matched to the dyes selected in the staining procedure (e.g., BME cocktail for Atto 488), as 

described in Support Protocols 2 and 3. 

 

The structures we have chosen include the following. Microtubules are representative of the 

cytoskeleton and, when labeled with primary/secondary antibodies for fluorescence 

immunostaining that somewhat broaden the structure, exhibit a longitudinal hollow feature ~35-

40 nm in diameter. Peroxisomes are representative membrane-bound organelles which can adopt 

a variety of morphologies, but in the cell lines we have chosen here, exhibit a 60-90 nm hollow 

stripe. Finally, clathrin is representative of scaffold proteins and appears toroidal with diameters 

of ~100-200 nm. The successful observation of these features can help confirm that all aspects of 
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the sample preparation, instrument, and analysis are working well and provide a good starting 

point for the beginner super-resolution microscopist. 

We note that a related set of challenges is faced by practitioners who use photoswitchable or 

photoactivatable fluorescent proteins for STORM/PALM, in terms of sample preservation and 

fluorescent protein choice (10–13). Readers may also want to consult other excellent reviews 

which address in detail the instrumentation and analysis for STORM/PALM (14–16).  

2.4 STRATEGIC PLANNING 

The suggested targets addressed in this protocol are microtubules, peroxisomes and clathrin; 

slight modifications in the procedure are necessary for the successful staining of each structure 

and are displayed schematically in Figure 2.1. These choices include, extraction, fixative, and 

dye selection and are addressed below. 

Extraction involves briefly exposing the cells to a detergent solution to remove the cellular 

membrane and many cytoplasmic proteins prior to fixation. This allows antibodies easier access 

to their binding sites, increasing the density of labeling, a key parameter of resolution which will 

be discussed later, and also lowering nonspecific background fluorescence. Figure 2.2 shows an 

example where microtubules (green) in an extracted cell are more than twice as bright (e.g., more 

densely labeled) as the microtubules in a non-extracted cell. The background levels are also 

substantially lower in the extracted cell, likely due to the absence of free tubulin heterodimers or 

other cytoplasmic factors removed by extraction that could bind the anti-tubulin antibody. In 

general, extraction is suggested as an option for cytoskeletal proteins and scaffold proteins, and 

has been successfully applied to image structures such as microtubules, vimentin, and actin, and 
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is also recommended when staining for clathrin. Many cellular structures are heavily perturbed 

by extraction, though, especially membrane-bound organelles. 

 

 

 

Figure 2.2 Conventional fluorescence images of fixed cells immunostained for microtubules and 

mitochondria, with and without extraction. The extracted cell (A) shows homogenous, densely 

labeled microtubules (green), but fractured mitochondria (magenta). A non-extracted, fixed cell 

(B) shows weakly labeled microtubules, but intact mitochondria. The contrast in (B) has been 

increased by a factor of two in both channels. Scale bar 5 μm 

 

For example, in Figure 2.2A, mitochondria in extracted cells have been badly fragmented, 

whereas mitochondria in non-extracted cells (Fig. 2.2B) are well-preserved. The primary 

concerns of fixation in immunostaining are to preserve the structure of the sample while also 

preserving antigenicity. Glutaraldehyde, or a mixture of glutaraldehyde and paraformaldehyde 

(GA/PFA), can provide excellent preservation of structure in cultured cells but often 

compromises antibody binding due to the strong ability of GA to crosslink samples. 

Paraformaldehyde alone has less problems with loss of antigenicity but may not preserve the 

structure of interest. Another popular procedure uses cold organic solvents such as methanol or 
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acetone to fix specimens, but these can damage delicate membrane-bound organelles similarly to 

extraction (Figure 2.1). In any event, choice of fixative and antibody are critical parameters 

when optimizing an immunostaining protocol (17). In the example protocols shown here, 

PFA/GA fixation nicely preserves microtubule and peroxisome structures while maintaining 

antigenicity to the antibodies which label the structures. In contrast, we observed that PFA/GA 

fixation compromises antigenicity of the anti-clathrin antibody and we therefore optimized 

clathrin immunostaining with a PFA-only protocol. 

A final consideration in the staining process is the selection of an appropriate dye, or 

combination of dyes for multicolor imaging. Desirable properties of dyes for conventional 

fluorescence microscopy typically include a high brightness and photostability. Photostability is 

particularly important for super resolution techniques such as STED or SIM which involve 

scanning procedures that are sensitive to photobleaching during acquisition. However, for 

localization microscopy, two additional critical single-molecule characteristics that will 

determine resolution are: a high photon output per switching event, and a low duty cycle. These 

single-molecule properties will be discussed further later in this protocol and are also reviewed in 

depth by Dempsey et al. for a wide range of commercially available fluorophores and imaging 

cocktail solutions (18). 

The recommendations for different spectral regions are Atto 488, Cy3B, Cy5/Alexa Fluor 

647 or Cy7/Alexa Fluor 750. It should be stressed that although good results are obtainable with 

all of these dyes, Cy5/Alexa Fluor 647 preforms noticeably better and is more forgiving to 

beginner super resolution microscopists. These fluorophores are sensitive to their chemical 

environment, and this sensitivity is exploited to by formulating imaging cocktail that facilitates 

robust photoswitching. An imaging cocktail containing a thiol and an oxygen scavenging system 
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is perhaps the best starting point for general purpose imaging, although Atto488, Cy3B, and 

Cy7/Alexa Fluor 750 perform substantially more poorly than Cy5/Alexa Fluor 647 (18). An 

alternative imaging cocktail for high-quality two-channel imaging with Cy5/Alexa Fluor 647 and 

Cy7/Alexa Fluor 750 utilizes the phosphine TCEP (tris(2-carboxyethyl)phosphine), and attains 

comparable performance in each channel (19). 

2.5 PROTOCOL:  IMMUNOSTAINING OF CULTURED CELLS 

The immunostaining protocol begins with an optional extraction step that reduces fluorescent 

background and increases labeling density when staining for tubulin or clathrin. The cells are 

immediately fixed in a PFA/GA or PFA only solution that will preserve the cellular structure of 

interest while retaining antigenicity for immunostaining. The anti-tubulin antibodies and the anti-

PMP70 antibody against peroxisome membrane protein 70 both bind their respective epitopes 

with PFA/GA fixation. In contrast, we achieved better staining for clathrin using PFA-only 

fixation. 

Cells fixed with PFA/GA are briefly exposed to a mild reducing agent to quench reactive free 

aldehydes and to lower the autofluorescence created by the reaction of GA with flavins or other 

factors in the cell that then become fluorescent. The immunostaining steps then include a 

blocking and permeabilization solution (Block/Perm), followed by an incubation with the 

primary antibodies, and then incubation with a secondary antibody labeled with organic 

fluorophores. As mentioned previously, dye choice is critical in STORM/PALM and we have 

selected to use two cyanines, Alexa Fluor 647 and Alexa Fluor 750 in a BME and TCEP imaging 

cocktail, respectively, for the two color staining of tubulin. These dyes are able to reveal the 

microtubule hollow structure in both color channels (19). If however a 750 nm excitation source 
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is not available, comparable results can be obtained using the fluorophore Cy3B with a more 

commonly available laser line around 560 nm. To finish the procedure, the stained cells are 

postfixed to increase their long term stability, and can be used for many months after staining 

when stored correctly. For a brief description of secondary antibody labeling, imaging cocktails 

and conditions, refer to the Support Protocols.  

The user may choose any one of the four antibodies listed below for single-channel imaging. 

In that case, we recommend Alexa Fluor 647 on the secondary antibody. Additionally, the user 

may co-stain for two or more structures for multi-color imaging, with tubulin/detyrosinated as 

perhaps the easiest choice. In that case, two primary antibodies are included in the primary 

antibody incubation solution and two secondary antibodies bearing different fluorescent dyes are 

included in the secondary antibody incubation solution. We recommend either Alexa Fluor 647, 

Alexa Fluor 750 (with the TCEP imaging cocktail) or Alexa Fluor 647, Cy3B (with the thiol 

imaging cocktail). 

Note that this same set of immunostaining protocols can be adapted for other imaging 

techniques, including standard widefield microscopy, confocal microscopy, STED microscopy, 

or SIM, with minimal modification. In particular, STED microscopy and SIM may require 

different choices of fluorescent dyes and mounting to minimize aberrations due to index 

mismatch (20). 

Materials List 

BS-C-1 cells (African green monkey kidney, ATCC CCL-26) 

 

Eight-well, no. 1.5 coverglass chamber (Nunc Labtek II #155409 or Ibidi μ-Slide #80821) 

 

Extraction solution 

 

PFA/GA fixation solution (when using the antibodies against tubulin or PMP70) 
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 or 

PFA-only fixation solution (for clathrin) 

 

Phosphate buffered saline (PBS) pH 7.4 

 

Storage solution 

 

1 mg/mL (26 mM) sodium borohydride solution in water, prepared immediately prior to use 

Block/Perm buffer 

 

Primary antibody solution in Block/Perm buffer containing either: 

 

For microtubules (two-color) 

 

Rat anti-alpha tubulin YL1/2 (Pierce, MA1-80017, 1 mg/mL) diluted 1:100 to 10 μg/mL 

 

Rabbit anti-detyrosinated tubulin (Abcam, Ab48389, whole serum) diluted 1:500 

 

For peroxisomes 

 

Rabbit anti-PMP70 (Invitrogen, 78-3100, 500 μg/mL) diluted 1:500 to 1 μg/mL 

 

For clathrin 

 

Mouse anti-clathrin X-22 (Abcam, ab2731, 6 mg/mL) diluted 1:1500 to 4 μg/mL 

 

 

Secondary antibody solution (see Support Protocol 1) in Block/Perm buffer containing either: 

 

For microtubules (two-color) 

 

Donkey anti-rat (Jackson, 712-005-150) Alexa Fluor 750 conjugate diluted to 2 μg/mL 

 

Donkey anti-rabbit (Jackson, 711-005-152) Alexa Fluor 647 conjugate diluted to 2 μg/mL 

 

For peroxisomes 

 

Donkey anti-rabbit (Jackson, 711-005-152) Alexa Fluor 647 conjugate diluted to 2 μg/mL 

 

For clathrin 

 

Donkey anti-mouse (Jackson, 715-005-151) Alexa Fluor 647 conjugate diluted to 2 μg/mL 

 

Postfixation solution 
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2.5.1 Seeding Cells and Coverglass Chamber 

1) Seed BS-C-1 cells 12-24 hours prior to fixation in a LabTek II or Ibidi 8-well coverglass 

chamber aiming for 50-70% confluency at the time of fixation. Typically, we will seed 4.3×104 

cells/cm2 (3x104
 cells per well) one day prior to staining. In the following steps, we recommend 

using at least 125 μL of solution per well of the 8-well chamber in order to fully cover the 

surface with the solution. This is important to protect the surface from drying, and also to 

minimize the usage of valuable reagents, particularly the primary and secondary antibodies. For 

less valuable reagents, such as the extraction or fixation solutions, the volume per well can be 

increased if desired. Careful handling is needed to ensure the delicate coverslip is not cracked 

during the staining. 

2.5.2 Extraction 

2) (Optional, but highly recommended when staining for tubulin or clathrin). Remove cells from 

incubator, aspirate media from the desired wells and add 125 μL of extraction solution. Remove 

the extraction solution after 30 seconds and immediately proceed to step 3.  

2.5.3 Fixation 

3) (If step 2 extraction was skipped, aspirate medium.) Add at least 125 μL of fixation solution 

per well. When staining for tubulin, or PMP70, use the PFA/GA fixation solution. For staining 

clathrin, use the PFA-only fixation solution. After 10 minutes, remove the fixative and wash 3× 

with PBS. 

4) (Optional, but highly recommended for samples fixed with PFA/GA.) Add at least 125 μL of 

freshly prepared NaBH4 solution and incubate for 10 minutes. Some small bubbles should be 
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visible on the coverglass surface which indicate the evolution of H2 gas due to the hydrolysis of 

NaBH4 in water. Rinse the sample 3× with PBS. Note: After this step, if desired, the 

immunostaining process can be postponed by storing the fixed cells in Storage solution at 4°C. 

We have successfully immunostained cells one week after fixation without noticeable loss in 

quality. 

2.5.4 Immunostaining 

5) Aspirate the PBS rinse (or storage solution) and add at least 125 µL of Block/Perm solution 

per well. Incubate for 45 minutes in a humidity chamber to ensure the wells do not dry out. Use 

the time during the incubation to prepare the primary and secondary antibody dilutions: For two 

color tubulin stain, the primary antibody solution will contain both the rat anti-alpha tubulin and 

rabbit anti-detyrosinated tubulin antibodies. The secondary antibody solution will contain both 

the donkey anti-rat Alexa Fluor 750 conjugate and donkey anti-rabbit Alexa Fluor 647 conjugate. 

For the single color peroxisome stain, the primary and secondary antibody solutions will contain 

rabbit anti-PMP70 and donkey anti-rabbit Alexa Fluor 647 conjugate, respectively. For the single 

color peroxisome stain, the primary and secondary antibody solutions will contain mouse anti-

clathrin and donkey anti-mouse Alexa Fluor 647 conjugate, respectively.  

6) Aspirate the Block/Perm solution. Add 125 µL of primary antibody solution per well and 

incubate for 45 minutes at 25°C in a humidity chamber. Note that use of the chamber lids during 

primary or secondary antibody staining steps is not recommended as the solution has a tendency 

to creep up chamber walls and can potentially contaminate neighboring wells. Aspirate the 

primary antibody solution and rinse 3× with PBS. For the final rinse, allow the chamber to 

incubate for 5 minutes before removing. 
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7) Add 125 µL of secondary antibody solution per well. Incubate for 45 minutes at 25°C in a 

humidity chamber, then aspirate secondary antibody solution and rinse 3× with PBS. For the 

final rinse, allow the chamber to incubate for 5 minutes before removing. 

2.5.5 Postfixation and Storage 

8) Add at least 125 µL of postfix solution per well and incubate for 10 minutes. After removing 

the postfix solution, rinse with PBS. The sample is ready for imaging, or can be stored in Storage 

solution at 4°C for up to 6 months or longer. 

9) It is highly recommended to verify the quality of the stain on a conventional fluorescence 

microscope before attempting to image by STORM/PALM. The conventional fluorescence 

image should appear bright, homogenously fluorescent, and continuous, as described previously 

and shown in Figure 2.2A for microtubules. 

2.6 SUPPORT PROTOCOL 1: SECONDARY ANTIBODY LABELING WITH NHS 

FLUOROPHORES 

This protocol describes how to create antibody–dye conjugates using commercially available 

fluorophores that are functionalized with NHS (n-hydroxy succinimidyl) ester for covalent 

linkage with amines. Although preconjugated antibodies are commercially available, the user is 

encouraged to label their own secondary antibodies since the reaction is relatively easy, 

economical, and, importantly, offers control of the dye to protein (d/p) labeling ratio. After the 

reaction is completed, the antibodies are purified by size exclusion to remove unreacted dyes, 

and the d/p ratio is calculated taking into account the proper correction factors, as shown below. 

For this work, we have suggested four dyes, Atto488, Cy3B, Alexa Fluor 647 and Alexa Fluor 

750 that currently offer the best switching properties in four separate spectral regions. However, 
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note that this protocol is general and can be applied to other fluorophores with suitable 

bioconjugation groups (e.g., succinimidyl ester, maleimide, etc.) and photoswitching properties. 

Material List 

Alexa Fluor 750, NHS ester (Thermo Fisher / Life Technologies, A-20111) 

Alexa Fluor 647, NHS ester (Thermo Fisher / Life Technologies, A-20006) 

Cy3B, NHS ester (GE Healthcare, PA63101) 

ATTO 488, NHS ester (Atto-Tec, AD 488-31) 

Anhydrous dimethyl sulfoxide (DMSO) 

1 M stock solution of sodium bicarbonate, freshly prepared 

Phosphate buffered saline (PBS) pH 7.4 

Donkey anti-rat (min Mouse), unconjugated secondary antibody (Jackson, 712-005-153)  

 or 

Donkey anti-rabbit, unconjugated secondary antibody (Jackson, 711-005-152) 

 or 

Donkey anti-mouse (min Rat), unconjugated secondary antibody (Jackson, 715-005-151) 

Illustra Nap-5 columns, Sephadex G-25 (GE Healthcare, 17-0853-02) 

UV-vis spectrometer and reduced volume cuvette  

2.6.1 Labeling Reaction 

1) (Optional) If starting with a powdered or lyophilized form of NHS dye, it is necessary to 

create a dye stock solution in dry DMSO. We recommend creating a concentrated DMSO stock 

(~100 μg/μL) from a 1 mg tube supplied by the vendor (NHS groups can hydrolyze and store 

best when concentrated). Using 1 μL of the concentrated stock, create a working stock that is 1-5 
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μg/μL that can be used until consumed. It is best to store all NHS dye stocks dry at -20°C and 

keep stocks on ice when working with them at the bench. The concentrated DMSO stock can 

also be aliquoted and lyophilized (under mild heating due to the low DMSO vapor pressure) to 

avoid freeze-thaw cycles for a single large aliquot. 

2) To a 40 μL aliquot of unconjugated secondary antibody (~1.3 mg/mL), add 5 μL of 1 M 

NaHCO3 and 1-5  μg of dye using the appropriate amount of DMSO stock and mix well. Allow 

the solution to react for 30 minutes at room temperature. Note: It may be difficult to predict the 

coupling efficiency of the reaction depending on the freshness and storage conditions of the NHS 

stock solution. For this reason, we recommend running a few reactions in parallel with range of 

dye amount. For freshly prepared dye stocks, suggested amounts are 2-3 μg of Alexa Fluor 647 

or Alexa Fluor 750 to achieve ~3-5 d/p, or 1-2 μg of Cy3B to achieve 2-3 d/p. However again, 

these values will need to be optimized on a case by case basis.  A final consideration is to keep 

the total amount of DMSO in this reaction below 5% (v/v).  

2.6.2 Dye Purification and ratio determination 

3) During the 30 min reaction period, discard the NAP-5 column storage solution and then 

equilibrate the NAP-5 column by flowing through 10 mL of PBS.   

4) When the 30 min reaction time is over, allow the remaining PBS to drain from the NAP-5 

column. When the meniscus goes below the frit, evenly load the column with the antibody 

solution. 

5) Once the antibody solution settles onto the column, add 650 μL of PBS to the column and 

discard the eluent.  
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6) When the meniscus again settles below the frit, add 300 μL of PBS and collect the eluent. This 

is the purified labeled antibody. 

7) Measure the UV-Vis absorbance spectrum that contains the protein absorption peak at 280 nm 

as well as the full adsorption band of the selected fluorophore. Calculate the concentration of 

antibody, as well as the dye to protein labeling ratio (d/p), using the following equations: 

[Antibody](in mg mL)⁄ = MWIgG ∗
A280−(CF∙Amax)

εIgG
   Eq. 2.1 

d
p⁄ =  

Amax∗εIgG

ϵdye(A280−(CF∙Amax))
    Eq. 2.2 

The molecular weight MWIgG ≈ 150,000 g/mol, the antibody molar absorptivity εIgG ≈ 200,000 

M-1cm-1, A280 is the dye absorbance at 280 nm, Amax is the maximum dye absorbance, CF is the 

correction factor of the selected dye at 280 nm, and εdye is the dye molar absorptivity. For a 

complete list of reported values refer to manufacturer’s data sheet. 

2.7 SUPPORT PROTOCOL 2:  THIOL IMAGING COCKTAIL FOR ALEXA FLUOR 

647/CY5/CY3B/ATTO 488 

When Cy5 or Alexa Fluor 647 are illuminated with red light in the presence of a thiol, the 

fluorophore can form a covalent adduct with the thiol that is nonfluorescent (21). This 

nonfluorescent form can be returned to the fluorescent form either spontaneously or by 

illumination with ultraviolet light, and the cycling between nonfluorescent and fluorescent forms 

is the basis for photoswitching for these dyes used in STORM/PALM. To facilitate this 

photoswitching, a thiol-based imaging cocktail solution containing beta-mercaptoethanol (BME) 

and an enzymatic oxygen scavenger system are freshly prepared within ~1 hour of imaging. 

Many other fluorophores exhibit photoswitching in this same imaging cocktail, such as the other 

recommended fluorophores in this protocol, Alexa Fluor 750, Cy3B, and Atto 488 (18). Red- and 
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near infrared-absorbing cyanine fluorophores also photoswitch well in a phosphine-based 

imaging cocktail, which in particular boosts the photon output of Alexa Fluor 750, and is 

described in Support Protocol 3 (19). A further discussion of photoswitching and imaging 

cocktails is contained below. 

Materials List: 

Oxygen scavenger stock solution (GLOX) 

 Glucose Oxidase from Aspergillus Niger (Sigma, G2133) 

 Catalase from Bovine Liver (Sigma, C100) 

1M Tris buffer pH 8 

50% w/v Glucose solution 

Beta-mercaptoethanol (BME, Sigma, M6250) 

Phosphate buffered saline (PBS), pH 7.4 

Storage solution 

2.7.1  Oxygen Scavenger stock solution (GLOX) preparation 

1) Mix 14 mg glucose oxidase enzyme powder and 50 μL catalase suspension in 200 μL PBS. 

Centrifuge the reaction and transfer supernatant to a fresh tube and discard the pellet if present. If 

desired, snap-freeze GLOX aliquots in liquid nitrogen and store at -20°C, or store at 4°C and use 

for up to several weeks. 

2.7.2  Imaging Cocktail 

2) To create 1 mL of imaging cocktail, mix 680 μL H2O, 200 μL 50% glucose, 100 μL of 1M 

tris, 10 μL BME and 10 μL GLOX. The total amount of imaging cocktail created can be adjusted 
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depending on needs, but use at least 250 μL per well when imaging. Typically the imaging 

cocktail is good for up to one hour, but can be used for longer if the chamber is sealed.  

2.7.3 Imaging Conditions 

3) Optimize the TIRF angle at low intensity and record conventional images if desired. To image 

Alexa Fluor 647 labeled samples, set a frame rate of 200 frames per second in a 128 x 128 pixel 

ROI with a 647 nm laser power density of 2.5 kW/cm2. Power densities ranging from 1-

5kW/cm2 did not seem to adversely affect image quality (the power density was measure is EPI 

mode and therefore does not take into account the TIRF enhancement factor). The frame rate 

may be adjusted by varying the excitation power so that the average molecule on time roughly 

matches the acquisition time. When spontaneous blinking becomes sparse, the rate of blinking 

events may be increased by exposure to 405 nm light. At first, 405 nm activation must be applied 

sparingly (<25 W/cm2), to ensure that the blinking events are not too dense and overlapping. 

Sparse objects require extra care in this regards (e.g., imaging the centrosome) since only one or 

a few molecules may be detectable for frame without leading to ‘double localizations’ (described 

in more detail, below). 

2.7.4 Storage 

4) When finished imaging, remove the imaging cocktail and rinse with PBS. Store sample at 4°C 

in Storage solution to deter bacteria growth. 

2.8 SUPPORT PROTOCOL 3:  TCEP IMAGING COCKTAIL FOR ALEXA 750/CY7 

The imaging cocktail containing TCEP (tris(2-carboxyethy)phosphine) is recommended for 

single color imaging of the infrared dye Alexa Fluor 750 or two color sequential imaging of 
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Alexa Fluor 750 then Alexa Fluor 647 19. Although the TCEP adduct formation mechanism has 

similarities to the thiol-based system, the dark state forms spontaneously immediately after 

addition of TCEP to the sample. For this reason, a slightly modified order of operations should 

be used when working with TCEP. Note that TCEP spontaneously degrades depending on 

storage conditions, so it is recommend to use a freshly opened ampule within at most 24 hours. 

Materials List 

GLOX oxygen scavenger stock solution (described in Support Protocol 2) 

100 mM Methyl Viologen (MV, Sigma, 856177), freshly prepared 

100 mM Ascorbic acid (AA, Fisher, A61), freshly prepared 

50% w/v Glucose solution 

1M Tris buffer pH 9 

TCEP 0.5M pH 7 ampule (Sigma, 646547-10X1ML), used within 12 hours 

2.8.1 Imaging Cocktail 

1) Create 1 mL of imaging cocktail by mixing 500 μL H2O, 200 μL 1M Tris pH 9, 200 μL 50% 

glucose, 10 μL of 100mM MV, 80 μL of 100 mM AA and 10 μL GLOX. The total amount 

created can be scaled appropriately, but apply at least 250 μL of the imaging cocktail per well. 

Note that this solution does not contain TCEP. 

2.8.2 TCEP Addition 

2) Before adding TCEP to the imaging cocktail, it is convenient to optimize the TIRF angle, and 

find a few regions of interest, save their stage positions for later reference, and record 

conventional widefield fluorescence images at low laser intensity if desired. 
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3) Just before imaging by STORM/PALM, and without removing the sample from the 

microscope, add a volume of the 0.5M TCEP stock to bring the total concentration of TCEP to 

25 mM. For the suggested volume of 250 μL of imaging cocktail, it is necessary to add 12.5 μL 

of TCEP. Gently mix the solution by pipetting, being careful not to bump the sample or stage. 

The fluorescence intensity will decrease immediately.  

2.8.3 Imaging Conditions 

4) To image Alexa Fluor 750 labeled samples, set a frame rate of 30-60 frames per second in a 

128 x 128 pixel ROI with a 750 nm laser power density of 2-6 kW/cm2. When spontaneous 

blinking has become sparse, the number of blinking events can be increased by exposure to 405 

nm light (<25 W/cm2). 

Reagents, Solutions, and Materials 

Block/Perm Buffer 

 PBS Buffer pH 7.4 

 3% w/v Bovine Serum Albumin, IgG-free (Jackson, 001-000-161) 

 0.5% v/v Triton X-100 (Sigma, T8787) 

Store at 4°C for up to 2 months 

Extraction Buffer 

 1× PEM buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgCl2, final concentrations) 

 0.5% v/v TX-100 

 Freshly prepared using 10× PEM stock 

Phosphate Buffered Saline pH 7.4 (PBS) (Invitrogen, 10010-023) 

PEM Stock Buffer (10×), pH 7 stored at room temperature in the dark 
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 1 M PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid) 

 10 mM EGTA 

 10 mM MgCl2 

 Adjust to pH 7  

PFA only fixation solution 

1× PEM buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgCl2, final concentrations) 

3.2% paraformaldehyde (Electron Microscopy Science, #15714) 

Freshly prepared. Heat the 32% PFA to 37°C to solubilize the polymerized form until the 

solution is clear.  

PFA/GA fixation solution 

 1× PEM buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgCl2, final concentrations) 

3.2% paraformaldehyde (Electron Microscopy Science, #15714) 

0.1% glutaraldehyde (Electron Microscopy Science, #16300) 

Freshly prepared using 50% glutaraldehyde and 32% PFA heated to 37° (see above).  

Postfixation solution,  

 PBS buffer pH 7.4 

 0.25% glutaraldehyde 

Freshly prepared using 50% glutaraldehyde 

Storage solution 

PBS buffer pH 7.4 

3mM Sodium Azide 

TCEP-based imaging cocktail 

200 mM Tris pH 9 
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10% w/v glucose 

 1 mM Methyl Viologen (MV) 

 8 mM Ascorbic Acid (AA) 

 25 mM TCEP, added immediately before STORM/PALM acquisition 

 Freshly prepared using 1 M Tris pH 9, 50% glucose, 100 mM MV and 100 mM AA stock 

solutions. 

Thiol-based imaging cocktail 

100 mM Tris pH 8 

10% w/v glucose 

1% (v/v) 2-mercaptoethanol (BME) 

1% (v/v) GLOX 

Freshly prepared using 1 M Tris pH 8, 50% glucose, BME and GLOX stock (Support 

protocol 2) 
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Figure 2.3 Two-color STORM image of fixed microtubules in BS-C-1 cells using the procedure 

described in the protocol. (A) Tyrosinated and detyrosinated microtubules stained with Alexa 

Fluor 750 (green) and imaged using the TCEP imaging cocktail, and Alexa Fluor 647 (magenta) 

imaged in the BME imaging cocktail, respectively. (B) Magnification of (A) showing the hollow 

structure in two microtubules in both color channels. The microtubule in the upper right exhibits 

labeling by both the tyrosinated and detyrosinated tubulin antibody, facilitating alignment. (C) 

Transverse profiles of hollow microtubules from (B) with fits to two Gaussian functions with 38 

and 41 nm peak separation.  Scale bars, 1 μm (A), and 100 nm (B). 
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Figure 2.4 Single-color STORM images of cells stained for peroxisomes (PMP70) and clathrin in 

BS-C-1 cells. Peroxisomes labeled with (A) Alexa Fluor 750 and (B) Alexa Fluor 647 displaying 

hollow structure, imaged in the TCEP cocktail and BME cocktail, respectively. Below, the 

transverse profiles of (A) and (B) fit to two Gaussian functions with peak separation of 65 and 85 

nm, respectively. (C) Clathrin labeled with Alexa Fluor 647 displaying toroidal structures. Below, 

an alignment of 36 clathrin-coated pits images, with diameter of ~88 nm. Scale bars, 500 nm. 

2.9 COMMENTARY 

2.9.1 Background info 

Since its inception in 2006, STORM/PALM has advanced rapidly, with many variations now 

available, including multicolor imaging, 3D localization, and live-cell imaging. These tools are 

now routinely used to investigate a wide range of questions involving the nanoscale organization 

of biological systems including living cultured mammalian cells, yeast, bacteria, etc. (22–24). The 

greatly improved spatial resolution of STORM/PALM (~20-30 nm) places stringent demands on 

robust sample preparation, fluorophore properties, data acquisition, and data analysis. In this 

protocol, we described in detail the procedure for fluorescent immunostaining of representative 
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cellular structures with the hope that suitable samples will allow practitioners the ability to 

troubleshoot their full imaging workflow. 

Of course, immunological labeling is only one procedure out of many for labeling biological 

specimens for STORM/PALM. In fact, a large number of STORM/PALM experiments make use 

of photoswitchable (photoactivatable, photoconvertible, etc.) fluorescent proteins (FPs) (11, 25). 

Photoswitchable FPs have many benefits, including genetic encodability, a compact size (~3.5 

nm across, compared to an antibody at 10-15 nm across), and compatibility with live-cell 

imaging. In terms of their fluorescent properties, the currently preferred photoswitchable FPs 

have a very good (i.e., low) duty cycle, which can potentially allow a high density of 

localizations, but emit fewer photons than the currently preferred organic dyes, which can make 

detection difficult in some cases, such as in the presence of a large fluorescent background signal 

(13). Additional challenges facing photoswitchable FPs include the lack of good multicolor 

imaging options, but overall it should be stressed that fluorescent protein approaches to 

STORM/PALM are an excellent option and in many ways possess complementary benefits and 

limitations. A labeling approach which has grown substantially in recent years utilizes 

genetically encoded reactive protein tags, such as SNAP tag or Halo tag, and others, that can 

react with or bind to a ligand attached to a small organic fluorescent dye (26, 27). Another area of 

active research in a number of labs uses very small peptide tags that are recognized by a co-

expressed enzyme that can ligate a fluorophore to the small peptide (28, 29). As the field moves 

forward, these technologies and possibly new approaches will provide practitioners a wealth of 

powerful labeling tools.  
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2.9.2 Critical Parameters 

Sample preparation for fixed specimens with STORM/PALM revolves around preservation 

of structure and good labeling with appropriate STORM/PALM fluorophores. Structure 

preservation and labeling are often at odds with one another when using immunostaining 

approaches, and this central tradeoff can occupy a large amount of time when optimizing 

protocols for a specific stain. This was evident in the extraction procedure which can improve 

labeling for some structures that survive the process (e.g., microtubules) but destroy other 

structures (e.g., mitochondria), as shown in Figure 2.2A. Fixation by glutaraldehyde, which is 

well known from electron microscopy for its ability to help preserve ultrastructure in specimens 

by crosslinking, may compromise labeling due to two reasons. First, quite a few antibodies are 

unable to recognize their target proteins once the target proteins have been treated with GA (or 

PFA/GA). Second, well-preserved specimens can hinder penetration of antibodies, especially in 

tissue or organisms. 

Specificity of labeling is another critical parameter, and is somewhat at the mercy of the 

antibodies chosen. Many antibodies have nonspecific binding or weak binding to the proteins of 

interest, and searching for high-affinity and high-specificity antibodies can be time-consuming 

and expensive. Furthermore, multi-color labeling requires a little additional care to avoid 

crosstalk from secondary antibodies recognizing closely-related species. For instance, use of 

primary antibodies raised in rat and mouse to label two proteins of interest may produce 

crosstalk with anti-rat and anti-mouse secondary antibodies having some affinity for the other 

primary. Antibody crosstalk can be prevented to a large extent by use of antibodies that have 

been cross adsorbed to have minimal reactivity to other closely related species. 



61 

 

Assuming good labeling of the specimen, the choice of fluorophore(s) can make or break an 

experiment in STORM/PALM since image quality is strongly dependent on photoswitching 

properties of the fluorophores. Two key fluorophore parameters include detected photons per 

localization and the duty cycle (18). The number of detected photons per localization strongly 

influences the uncertainty of position determination, with an inverse square-root dependence of 

uncertainty on the number of detected photons (30, 31), and a low number of detected photons 

can therefore lead to a blurry image. The duty cycle, or fraction of time a fluorophore spends in a 

‘bright’ state, limits the maximum density of fluorophores that can be detected. A low duty cycle 

allows many more fluorophores within a diffraction-limited region the ability to be individually 

detected, while a high duty cycle is more likely to result in ‘double localization’ artifacts where 

the position of more than one fluorophore is averaged together. When examining 

STORM/PALM images, one can assess the presence of double localizations by looking for 

localizations which connect two structures that are in fact distinct. In the case of microtubules, 

this would occur many times in typical images at the crossing of two microtubules, and the 

presence of excessive ‘salt and pepper’ at microtubule junctions is an indication of double 

localization artifacts. Some amount of these are inevitable based on the stochastic nature of the 

activation process, but these artifacts can be strong enough to artificially narrow structures or 

create apparent structures where none exists, and care must be taken in this regard when 

interpreting STORM/PALM images. While the preferred STORM/PALM fluorophores generally 

provide 1000-5000 detected photons per localization and duty cycles of 0.001 (0.1%) or better 

for a range of dyes spanning the visible and near-infrared, the preferred photoswitchable FPs 

provide about 1000 photons or less with a duty cycle of 10-6 and generally in a single channel 

(13, 18, 32). The recommended fluorophores for different spectral regions are Atto 488, Cy3B, 
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Cy5/Alexa Fluor 647 or Cy7/Alexa Fluor 750, with Alexa Fluor 647 being the most robust and 

forgiving to beginner super resolution microscopist. 

The photoswitching properties described above for organic STORM/PALM fluorophores 

generally require the use of a special additives to the imaging solution. Most of these contain an 

oxygen scavenging system consisting of two enzymes (glucose oxidase, catalase) together with a 

substrate (glucose) that can lower oxygen concentrations from ~300 µM to ~14 µM (33). The 

oxygen scavenger system helps to increase fluorophore photostability by lowering the rates of 

reaction with oxygen, and can influence the activation rate of some fluorophores (18). 

Additionally, the imaging cocktail may contain chemicals that are essential for photoswitching. 

For example, the cyanine dyes Alexa Fluor 647 or Cy5 exhibit a high photon output (~5000) and 

low duty cycle (0.001) in an imaging cocktail that contains a primary thiol, 2-mercapoethanol 

(BME), along with the oxygen scavenger system. It has been shown that the thiol reacts with the 

polymethine bridge of the cyanine dye which disrupts the conjugation and shifts the absorption 

wavelength from the visible to the ultraviolet (21). The conjugation is spontaneously recovered at 

a slow rate resulting in single molecule blinking events, and the activation rate may be further 

increased by exposure to UV light. Many other fluorophores exhibit photoswitching in this same 

imaging cocktail but may use other photoswitching mechanisms, including generation of long-

lived radicals or two-electron reduced forms (18, 34–37), however it is difficult to match the 

performance of Alexa Fluor 647 in the visible regime for applications involving multicolor 

labeling. One dye that exhibits comparable photon output and duty cycle to Alexa Fluor 647 is 

the infrared dye Alexa Fluor 750 in an imaging cocktail containing the reducing agent (tris(2-

carboxyethyl)phosphine) (TCEP) and the oxygen scavenger system. A dark state is formed 

spontaneously by a phosphine adduct on Alexa Fluor 750 bridge and fluorescence is recovered 
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by activation with UV light (19). Additionally, the TCEP imaging cocktail contains a reducing 

and oxidizing system (ROXS) of methyl viologen and ascorbic acid to boost the photon output 

(38). The composition of the thiol-based and TCEP-based imaging cocktails are described in 

Support Protocols 2 and 3. Yet other imaging cocktails have been reported for use with one or 

more dyes, which we do not describe in detail here, but include the following: a mixture of 

ascorbic acid and methyl viologen (38); the use of the proprietary mounting medium Vectashield 

(39); the addition of cyclooctatetraene to the thiol imaging cocktail (40). 

During imaging, two important and intertwined parameters are the camera frame rate and 

laser power density. The frame rate of the camera should roughly match the average fluorophore 

on time. If the fluorophore on time is much longer than an exposure, there will be less signal per 

frame and the comparably weak single molecule fluorescence signal would suffer from the 

additive effects of read noise. If the fluorophore on time is much shorter than an exposure, the 

duty cycle will in effect be artificially high since only one fluorophore can be detected within a 

single frame in a diffraction-limited volume. Very short on times relative to the camera exposure 

also lead to unnecessary detection of stray room or laser light which are collected during the full 

frame, rather than just during the period when the molecule is emitting. Since the laser power 

density typically has a strong effect on fluorophore on times, with higher power density leading 

to shorter on times and vice versa, both the camera frame rate and power density may be adjusted 

to find an optimal arrangement. The suggested power density for Alexa Fluor 647 imaging at 200 

Hz is 1-5 kW/cm2, whereas for 30-60 Hz imaging of Alexa Fluor 750 it is 2-6 kW/cm2. The 

power density (power/area) can be found by shuttering down the illumination to a known area on 

the sample and then measuring the laser intensity in epifluorescence mode to find the ratio. 
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Although not directly related to resolution, drift correction can make or break an experiment. 

The trade of high resolution comes at the price of relatively poor temporal resolution. Even at 

high frame rates (200-500 Hz for Alexa Fluor 647) a typical image of microtubules constructed 

from 60k frames can take 2-5 minutes to acquire. During this time, lateral and axial drift arising 

from mechanical or thermal fluctuations cannot generally be ignored. Lateral drift can be 

corrected during post processing by correlation analysis, however axial drift must be corrected in 

real time using a feedback focus lock (6, 41)(42). Often, features such as the microtubule 

hollowness will be obscured until the reconstructed image is corrected for drift using post 

processing. 
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2.9.3 Troubleshooting 

Table 2-1 

Problem Possible Cause Solution 

Extracted cells badly 

damaged or peeling off 

coverglass 

Excessive extraction Decrease extraction time 

 

Fixed cells peeling Shear forces Gently pipette solutions against 

chamber walls, avoid sloshing 

and tapping chamber 

Microtubules appear 

fractured 

Extraction too aggressive 

GA degraded 

Decrease extraction time 

Use fresh fixatives 

Use PEM buffer 

High background Excess primary antibody 

nonspecific adsorption 

Poor blocking 

Titrate down primary antibody 

 

Use fresh BSA blocking 

solution 

Structures appear dim Low primary or secondary 

antibody concentrations 

Low d/p labeling ratio 

Increase antibody 

concentrations 

Check or remake labeled 

secondary d/p ratio 

Photobleaching under high 

laser power 

Presence of oxygen 

 

Remake GLOX with fresh 

enzymes 

 

Hollow feature not apparent Not enough localizations 

Stage drift 

Suboptimal d/p 

Acquire more frames 

2D correlation alignment 

Use secondary labeled with 

Alexa Fluor 647 at ~3-5 d/p 

Single molecules appear dim Low laser power 

 

Short integration 

Increase power density 

Optimize TIRF angle 

Decrease integration time 

Single molecules are too 

dense to localize 

Initial frames are bright 

Activation too high 

Discard initial frames 

Decrease 405 nm activation 

2.9.4 Anticipated Results 

With proper fixation and staining, microtubules are a robust and straightforward reference 

sample for super resolution imaging and an ideal sample for gaining an appreciation for the 

capabilities and limitations of STORM/PALM, in both one and two colors (Figure 2.3). We 

would like to stress that stained samples should be first validated using conventional 
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fluorescence microscopy to determine if they are acceptable to be imaged by STORM/PALM. If 

the conventional images are poor, the STORM/PALM images will almost certainly be bad and it 

is not recommend to proceed to STORM/PALM imaging. For the first sample suggested in this 

protocol, the microtubules should appear continuous, with little fracturing, and should display a 

high signal with a low fluorescence background as shown in Figure 2.2A. If these criteria are 

met, resolving the microtubule hollow feature in STORM/PALM can be routinely achieved. 

With proper dye choice (Alexa Fluor 647 foremost, followed by Alexa Fluor 750) and imaging 

cocktail, sequential imaging of tyrosinated and detyrosinated microtubules, the hollow 

appearance may be observed in both channels (Figure 2.3AB), with a ~35-40 nm peak 

separation as shown previously (Figure 2.3C). The observed width of the microtubules is due 

both to the intrinsic width of the microtubules and the broadening caused by the antibody labels. 

A second suggested reference sample are peroxisomes, which display a slightly larger 

hollow feature. Peroxisomes have been observed in a variety dimensions and morphologies (43), 

however in these samples from BS-C-1 cells, they appear elongated with ~60-90 nm transverse 

diameter as observed using both Alexa Fluor 750 and Alexa Fluor 647 in Figure 4AB. Fixation 

in the peroxisome-stained sample utilized PFA/GA without extraction in order to preserve the 

membrane; it is possible to perform a two color stain for microtubules and peroxisomes, however 

the hollow feature of the microtubules becomes more obscure due to the lack of extraction. The 

final suggested reference sample is clathrin which appear toroidal (Figure 2.4C) with diameters 

ranging from 100-200 nm (6).   
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2.9.5 Time Considerations 

The total time for the full immunostaining protocol is approximately 3-4 hours, however 

depending on the complexity, the total planning and hands on time may vary and it is be best to 

allocate 5-6 hours for the beginner. If the user wishes to do multicolor fluorescence 

immunostaining in all eight wells using a variety of considerations, the procedure can quickly 

become overwhelming and we suggest setting out extra time initially to draw a cell staining 

“map” that contains a detailed plan for each individual well. Note that not all wells must be used 

in the same staining session, and rather may be fixed and stored in Storage solution (PBS + 3 

mM sodium azide) for future staining (refer to Basic Protocol 1, Step 3). Cells are seeded 12-24 

hours in advance and secondary antibody labeling (Support protocol 1) should be completed 

ahead of time so that there is no bottleneck in the cell staining procedure. An antibody labeling 

reaction and purification can be completed within one hour, including time for UV-vis 

characterization, and reactions can be run in parallel in order to save time.  
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Chapter 3. EXTENDED-DEPTH 3D SUPER-RESOLUTION 

IMAGING USING PROBE-REFRESH STORM  

3.1 PREFACE 

There is great interest in expanding the multiplexing tool kit for fluorescence microscopy.  

This is because cells express a large number of different interacting proteins.  Since the 

functional basis of the cell is the protein, understanding their spatial organization is critical to 

understanding their function.  For example, if many proteins were imaged in a cancerous tissue, 

the information could be used to phenotype the cancerous cells and design individualized cancer 

treatment. However, imaging more than five markers is challenging due to limitations of the 

fluorophores used. If multiplexing is achieved spectrally, it is important to use dyes which have 

well spectrums in order to avoid cross talk. Typically, this is limited to only 5 from the near 

infrared to the ultra-violet (750,650, 560, 488,405 nm).  Restrictions on multi-plexing are 

further restricted if practitioners wish to obtain super-resolved images of their samples, because 

oftentimes these techniques rely on special excited-state properties of the fluorophore and 

utilize high laser powers which cause rapid photobleaching. 

In the case of SMLM, there one dye, Alexa 647, that produces the best images because it has 

the most ideal photophysical properties compared to all the others. Practically this implies that if 

another dye is used, resolution and image quality will inevitably be worse compared to Alexa 



72 

 

647. This means that practitioners are forced to make compromises if they want to spectrally 

multiplex, because only one channel can produce the best possible image. 

Additionally, the high laser powers used in SMLM cause rapid photobleaching, and restricts 

3-dimensional imaging because focal planes acquired late in the imaging sequence are 

photobleached before they can be imaged.  This makes it challenging to image deep into 

specimens, while maintaining high image quality for every focal plane.   Consequently, most 

applications of SMLM are near the coverslip surface (< 600 nm). 

In this chapter I present a method called probe-refresh STORM (prSTORM) which addresses 

both of these challenges.  Instead of spectrally multiplexing, a single dye is covalently attached 

to a reporter oligonucleotide, which is complimentary to unique DNA barcodes conjugated to 

antibodies.  In this scheme, the reporter oligonucleotide can hybridize to its corresponding 

barcode and be imaged.  Then the fluorescence can be removed, and the practitioner can choose 

to image the same set of proteins again (if photobleaching was problematic), or move on to the 

next protein in the sequence. 

We demonstrated the efficacy of prSTORM by imaging the endoplasmic reticulum and 

mitochondria in three dimensions at depths > 1 um.  Next we show that this technique can be 

used for 3-D multiplexing by acquiring 3-D images of the endoplasmic reticulum, mitochondria, 

and microtubules in sequence. 

I was deeply involved with all aspects of this project.  3-D imaging calibration scripts were 

originally written by A.R. Halpern, and I extended and refined the scripts for use in this 

application.  I was also deeply involved in sample preparation. I contributed by developing a 

buffer that prevents non-specific binding, and by optimizing our sample preparation techniques 

to utilize reporter oligonucleotides and DNA-conjugated antibodies. 
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The following material in this chapter is reproduced with permission from: 

Lin, D., L.A. Gagnon, M.D. Howard, A.R. Halpern, and J.C. Vaughan. 2018. Extended-Depth 3D Super-

Resolution Imaging Using Probe-Refresh STORM. Biophys. J. 114: 1980–1987 

3.2 ABSTRACT 

Single-molecule localization microscopy methods for super-resolution fluorescence microscopy, 

such as STORM (stochastic optical reconstruction microscopy), are generally limited to thin three-

dimensional (3D) sections (≤600 nm) due to photobleaching of molecules outside the focal plane. 

Although multiple focal planes may be imaged prior to photobleaching by focusing progressively 

deeper within the sample, image quality is compromised in this approach because the total number 

of measurable localizations is divided between detection planes. Here we solve this problem by 

developing an imaging method, which we call probe refresh STORM (prSTORM), that allows 

bleached fluorophores to be straightforwardly replaced with non-bleached fluorophores. We 

accomplish this by immunostaining the sample with DNA-conjugated antibodies and then reading 

out their distribution using fluorescently-labeled DNA reporter oligonucleotides that can be fully 

replaced in successive rounds of imaging. We demonstrate that prSTORM can acquire 3D images 

over extended depths without sacrificing the density of localizations at any given plane. We also 

show that prSTORM can be adapted to obtain high-quality, 3D multichannel images with extended 

depth that would be challenging or impossible to achieve using established probe methods. 
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3.3 INTRODUCTION 

Cells are dense, three-dimensional (3D) collections of molecules which are highly organized on 

the nanometer scale. Observing this nanoscale organization is crucial to understanding how cells 

function, but conventional fluorescence microscopy methods are unable to resolve objects closer 

together than ~250 nm due to the diffraction of light. To overcome this challenge, there has been 

a sustained interest in the development of super-resolution microscopy techniques that can 

maintain the high molecular specificity of fluorescence microscopy while allowing researchers to 

surpass the diffraction limit of visible light (1–4). Among these, single molecule localization 

microscopy (SMLM) techniques such as stochastic optical reconstruction microscopy (STORM) 

and photo-activated light microscopy (PALM) in their typical implementations achieve a spatial 

resolution of ~30 nm laterally and ~60 nm axially (1, 3, 5).  

A range of approaches have been developed for 3D SMLM (6–10), but the easiest and most 

widespread of these uses a cylindrical lens to induce astigmatism in the detection path such that 

the ellipticity of single-molecule localizations can be used to determine the height of the molecules 

within the sample (6). However, in typical experiments where high numerical aperture oil 

immersion objective lenses are used to image into water based samples, substantial spherical 

aberration is incurred and the distal half of the focal depth in astigmatism imaging has notably 

poorer spatial resolution (11). While the aberrations can be mitigated by using adaptive optics (5) 

or index matching solutions (11), these are either costly or can compromise key focus lock systems 

that require refractive index contrast at the coverglass-water interface to function. Instead, a simple 

solution is to only accept localizations from the proximal half of the focal depth and to scan this 

high resolution portion of the focal plane through the sample in order to extend the depth range of 
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imaging (11). Unfortunately, this focal plane scanning process compromises the spatial resolution 

by dividing up the total localizations achievable among all focal planes (i.e., it lowers the 

localization density for any given plane), and it particularly degrades the resolution of focal planes 

imaged later in the process since they are partly photobleached during the imaging of other focal 

planes. There is thus a need for extended depth 3D SMLM methods which are easily implemented 

and can overcome the combined challenges of spherical aberration and photobleaching. 

A second major challenge in SMLM is a lack of dyes across the visible spectrum which have 

excellent photoswitching for multichannel imaging. Methods using sequential rounds of staining 

and bleaching partially circumvent this problem by using the excellent fluorophore Alexa Fluor 

647 (or its close structural relatives such as Cy5) multiple times, but full restaining has 

prohibitively long sample preparation times (12–14). A different sequential imaging strategy 

termed DNA-PAINT (points accumulation for imaging in nanoscale topography) generates 

SMLM data from transient binding and unbinding of fluorophore labeled oligonucleotides that 

are complementary to oligonucleotides decorating the specimen (15, 16). Although DNA-PAINT 

does not require photoswitching and is therefore compatible with many fluorophores across the 

visible spectrum, its use of diffusing fluorescent probes creates high background signal unless 

low probe concentration and very low frame rates (~20 Hz) are used (16–18). More recently, 

new methods to streamline these processes utilizing DNA exchange probes have been 

introduced, making multichannel SMLM more accessible (19, 20), although multichannel 

imaging continues to be a challenge for many SMLM applications. 

Here we present a method to refresh fluorescent probes on specimens to enable robust, 

multilayer 3D STORM over extended depths without compromised performance in any focal 

plane. We term this approach probe refresh STORM (prSTORM). We further demonstrate that 
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the technique can be extended to multichannel imaging with uniform, high resolution in each 

channel, by multiple uses of the same fluorophore targeted to different structures. Our technique 

utilizes refreshable DNA probes to circumvent challenges faced when imaging in three 

dimensions with SMLM. Importantly, prSTORM can be implemented with common super-

resolution microscopes with no modifications, and thus has the potential to benefit the whole 

community of SMLM researchers. 

3.4 RESULTS 

We developed prSTORM by utilizing custom antibody conjugates that are covalently bound by 

several (3 to 4) single-stranded DNA (ssDNA) oligonucleotides (supplementary Table 3-1), each 

~20 nucleotides (nt) in length (21–23). After immunostaining the specimen and treating it with a 

post-fixative, we exposed the specimen to a solution of pre-hybridized adapter and fluorescently-

labeled reporter oligonucleotides (Figure 3.1). The ~80 nt adapter strand contains a barcode 

recognition sequence (BRS) that is complementary to the ssDNA-antibody on the specimen as 

well as three repeats of reporter docking sequence (RDS) that is complementary to the reporter 

strand (RS). Three repeats of the RDS were included in order to boost signal levels. This design 

allowed us to modify antibodies with several ~20 nt oligonucleotides rather than several ~60 nt 

oligonucleotides, in order to minimize any reductions of antibody affinity, while still targeting a 

sufficient number of fluorophores to each antibody molecule. The modular use of the adapter 

oligonucleotide was also convenient for multichannel prSTORM as described further, below.  

Once labeled, the specimen is imaged in switching buffer (a deoxygenated solution containing 

a thiol; see methods) using astigmatism-based 3D STORM, the previous round’s adapter/reporter 
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oligonucleotides are completely removed through a brief exposure (<30 sec) to hot water (~90 

°C), fresh (unbleached) probes are hybridized (10 min), and the specimen is imaged at a new 

focal plane. The process is repeated for many cycles, with a period of ~30 minutes. Since our 

goal was to keep the higher resolution, ~300 nm layer of localizations beneath the focal plane, 

we advanced the focal plane by moving the objective ~300 nm per cycle (equivalent to ~210 nm 

in the cell due to focal shift (11)), taking care to ensure that each layer contains overlapping 

localizations along the axial dimension so that each slice can be properly aligned axially. 

 

Figure 3.1 Workflow for prSTORM. A specimen immunostained with DNA-labeled secondary 

antibodies is exposed to a solution of pre-hybridized adapter and fluorescent reporter DNA, 

imaged by astigmatism 3D STORM, washed with hot water to remove photobleached 

adapter/reporter DNA, and a new focal plane is selected. This process is repeated many times in 

order to build up an extended depth 3D STORM image. The adapter oligonucleotide (inset, 

upper right) contains a barcode recognition sequence (BRS) which binds the antibody 

oligonucleotide as well as three reporter docking sequences (RDS) which can bind up to three 

fluorescently labeled reporter strands (RS). Scale bars: 2 μm 
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After acquiring all layers, we analyzed the separate movies, computationally corrected for 

spherical-aberration-induced axial localization error (11), extracted the ~300 nm sub-focal layer 

of localizations from each movie, and aligned all of the sections together to create a single 

multilayer 3D image. Overall, we found that the DNA labels on the secondary antibodies 

induced only mild spatial broadening of features compared to antibody labeling alone (Figure 

3.5), as has also been seen in other recent work using conventional and DNA-conjugated 

antibodies (24, 25). 

To demonstrate the ability of prSTORM to fully refresh the labels on the specimen without 

perturbation, we imaged the same specimen 10 times, each, with and without refreshing the probes 

(Figure 2.2a-c). The STORM images obtained with refreshed probes maintained the same number 

of localizations per round, while the non-refreshed specimen decreased substantially in each round 

due to photobleaching. We took efforts to make the comparison as fair as possible by using 50,000 

frames for each round of imaging, by omitting 405 nm activation that may be variable during the 

acquisition, and by replacing the imaging cocktail switching buffer approximately every 15 

minutes to limit potential interference caused by its decomposition over time (26). The difference 

between refreshed and non-refreshed is even more pronounced with longer movies (data not 

shown). In a second experiment, we found that even after 20 cycles of hybridization and melting 

at ~90 °C, there was negligible loss of signal and distortions were minimal (Figure 3.6). Together, 

these show that our procedure is able to efficiently refresh fluorophores, in principle an unlimited 

number of times, without perturbing the nanoscale structure of the specimen. 

We next performed multilayer 3D STORM with and without probe refresh steps on the same 

sample (Figure 3.2d-e). For this comparison, we used gradually increasing 405 nm laser activation 

to obtain the highest number of localizations possible from our sample before photobleaching. 
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This “imaging to exhaustion” approach typically lasted ~400,000 frames per movie. In the probe 

refresh case, each of four layers was imaged to exhaustion with movies of ~400,000 frames, and 

we were able to reconstruct dense STORM images throughout the ~1.2 μm thickness of the 

specimen. In the non-refresh case, we divided the ~400,000 measurable frames among the four 

layers, and as expected the non-refresh sample was substantially sparser than in the refresh case, 

particularly for regions imaged later in the process since all layers are illuminated in each round 

of imaging, even those out of the focal plane. Thus, 3D prSTORM is able to substantially boost 

localization density over extended depths for multilayer imaging without suffering from loss of 

localization density due to photobleaching. 

We extended our use of prSTORM to 1.5 microns of the endoplasmic reticulum (ER), acquiring 

200,000 frames per layer (Figure 3), as well as 3.2 microns of the mitochondrial network (Figure 

S4). Without probe refresh steps we would be severely hindered by photobleaching, having only 

~40,000 frames or less available per layer, which severely limits the achievable density of 

localizations per layer. The 3D view of the red box (Figure 3.3b) shows the thickest region of the 

ER and we see from the x-z and y-z slices that with probe refresh steps we obtain even axial 

resolution in all layers. We were also able to resolve holes in the “sheet-like” structures (Figure 

3.3c-f) which are consistent with a recent report that suggests ER sheets are actually dense matrices 

of tubules (27). 

We found that prSTORM was easily adapted for use with multichannel imaging. To do so, we 

prepared three different antibodies, each functionalized with a unique ssDNA oligonucleotide, and 

we purchased three different ~80 nt adapter nucleotides with orthogonal BRSs that can hybridize 

with the three antibody ssDNA oligonucleotides. By using the same RDS on each of these three 

adapter oligonucleotides, we were able to use the same fluorescently labeled reporter 
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oligonucleotide for all three adapters. This modularity simplified our approach and only required 

the use of a single reporter oligonucleotide that was labeled with the excellent STORM fluorophore 

Alexa Fluor 647. Thus, each channel would be imaged with the superior fluorophore Alexa 

Fluor647 rather than using, for instance, multiple spectrally independent fluorophores which 

inevitably have one excellent fluorophore (typically Alexa Fluor 647 is used in the channel with 

the most demanding structure to image at high resolution) and one or more fluorophores with 

notably poorer performance(28). 

 

Figure 3.2 Improvement of single-molecule localization density due to probe refresh steps. a) 3D 

STORM image of mitochondria in a BS-C-1 cell immunostained for TOM20 and imaged in a 

single round (see also Table S2 for additional details). b) Images of the same boxed mitochondrion 

in a across 10 sequential rounds of imaging with and without probe refresh steps and c) 

quantification of localization density across many mitochondria in the same data set (see also 

Figure S3a; the standard error of the mean was <5% of all mean values and was omitted from c 

for the sake of clarity). d) Four-layer extended-depth 3D STORM images, with and without probe 
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refresh steps, of the endoplasmic reticulum (ER) in a BS-C-1 cell expressing sec61β-GFP and 

immunostained for GFP. A higher number of localizations is achieved with probe refresh steps i 

than without, regardless of the scan direction ii-iii. Arrows in iv-vi indicate ER tubules at different 

depths within the cell which are only both visible when using probe refresh steps. Zoomed-in views 

x-xii show hollowness of ER tubules which is most prominent when using probe refresh steps. The 

contrast for image panels in d was adjusted individually to allow visualization of details in the 

comparably sparse non-refresh images. e) Number of localizations (mean ± SEM) for thick and 

thin regions from i-iii showing that probe refresh steps increase the number of localizations 

(localization numbers were normalized to the refresh data; see also Figure S3b). Scale bars: 2 m 

(a), 1 µm (d i-ix), 500 nm (b, d x-xii). 

 

The easily refreshable probes also allowed us to label all three targets simultaneously prior to 

sequential labeling and imaging of each structure, which simplified image registration among 

multiple channels.  

     We demonstrate multichannel/multilayer 3D prSTORM imaging of mitochondria, 

microtubules, and the ER by recording a 200,000 frame movie for each structure in each layer, 

with 405 nm activation, spanning an axial depth of ~800 nm (Figure 4). A high density of 

localizations was achieved on each structure over the depth of the specimen, giving high 

resolution images (Figure 4a-b) and we saw little evidence of crosstalk between the channels 

(Figure 4c). In a series of control experiments we found that our washing procedure was able to 

remove ≥98% of fluorescent signal from the specimen (data not shown) and we observed low 

crosstalk (<2-5%) between any of the channels (Figure 3.9). We observed that mitochondria 

generally localized to regions of the cell with “sheet-like” ER structures and are mostly absent  

from regions with only sparse ER tubules. In both the x-z and y-z slices we observe hollow 

mitochondria. Additionally, we are able to ascertain axial relationships among structures which 

are not easily discernable from the 2D projections, such as microtubules crossing just above and 

below ER sheets (Figure 3.4b-c). 
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Figure 3.3 Extended depth 3D prSTORM image of the endoplasmic reticulum (ER) in COS-7 

cells expressing sec61β-GFP and immunostained for GFP (see also Table S2 for additional 

details). a) x-y projection colored in z. b) 3D rendered perspective view (left panel) of red box in 

a, with associated y-z sections (middle column), and x-z sections (right column). Section 

thickness: 100 nm. c) Zoomed-in view of yellow box in a. Arrows indicate gaps in the ER tubule 

matrices. d) Conventional fluorescence image corresponding to c. Scale bars: 2 m (a), 1 µm (b), 

500 nm (c-d). Positions are indicated relative to the origin “o” shown in panel b 

3.5 DISCUSSION 

We have described and demonstrated prSTORM, a new approach for extended depth single-

molecule localization microscopy which uses probe refresh steps to circumvent limits otherwise 

caused by photobleaching of fluorophores on the specimen. Our procedure for refreshing the 

probes is simple to implement and many cycles of melting, hybridization, and washing produced 
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little to no detectable distortions on the sample. We showed that prSTORM extends the depth 

achievable by 3D STORM without sacrificing the density of localizations. Although we used 

astigmatism-based axial localization here, together with the collection of only the proximal half of 

localizations that are of higher spatial resolution (~300 nm range) to measure specimens up to 3.2 

µm thick, we note that prSTORM can extend the depth achievable with any axial localization 

technique (29) by eliminating limitations previously imposed by photobleaching. We also showed 

that prSTORM extends straightforwardly to multichannel imaging over an extended depth range 

with excellent performance in each of the channels and low crosstalk.  

DNA-PAINT uses transient binding of diffusing probes and can also be performed for very 

long periods without photobleaching, so it is worth comparing its performance with that of 

prSTORM. In DNA-PAINT, diffusing fluorescent probes contribute to a substantial background 

signal unless their concentration is kept relatively low. Because of this, frame rates for DNA-

PAINT are generally quite low (~20 Hz), such that in a 30 minute period, a maximum of 

~36,000 frames could be recorded. In contrast, photoswitching with Alexa Fluor 647 can be 

performed with frame rates of 100-1000 Hz. Here, with prSTORM, we recorded ~200,000 

frames in ~17 minutes (at 200 Hz) with an additional ~11 minutes for melting, hybridizing 

probes, and washing, for a total of <30 min/cycle for 5-6 times more frames. Scientific CMOS 

(complementary metal-oxide-semiconductor) cameras are now routinely used for ~1000 Hz 

STORM, and would allow the prSTORM cycle time to be shortened to ~15 min for 200,000 

frame movies, or would, for instance, allow 200,000 frame movies to be recorded in each of 

several regions of interest within 30 min. DNA-PAINT with a confocal microscope of whole 

cells has recently been reported, but only for a modest number of frames per focal plane (10,000-

30,000), presumably due to the low frame acquisition rate of ~5 Hz (18). Beyond DNA-PAINT, 
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other methods for sequential multichannel imaging have been demonstrated. In methods based 

on cyclic immunofluorescence (14), a specimen is immunolabeled against one protein using 

Alexa Fluor 647, imaged, and the fluorescent signal is removed by photobleaching of 

fluorophores, chemical bleaching of fluorophores, or removal of the antibodies by salt, heat, etc. 

(12, 14). After quenching the fluorescence, the specimen is removed from the stage, 

immunostained against second protein, and imaged. Each round of imaging takes at least an hour 

because the specimen must be incubated with primary and secondary antibodies, blocked, and 

quenched again (12, 13). prSTORM and other DNA-barcoding based methods (32) present a 

distinct advantage because the specimen can be completely labeled with all antibodies at the 

benchtop and then these can be read out sequentially using rapid DNA hybridization and melting 

steps performed on the microscope. 

While the DNA-conjugated antibodies enable prSTORM, they also face some drawbacks. 

Preparation of the antibodies, while documented well (19, 20, 33, 34), takes a few days and time 

to gain familiarity with the reagents. The DNA antibody labels also modestly broaden features (24, 

25) slightly beyond the use of secondary antibody labeling alone (Figure 3.4).  

However, this DNA-induced broadening could be reduced in the future through some 

combination of the following: using shorter hybridizing sequences (~15 nt); using only two 

repeats of the reporter docking sequence; using 3’-labeled reporter oligos (with adapters); 

omitting use of the adapters and using 5’-labeled reporter oligos that bind directly to the 

antibody-linked oligonucleotide; or conjugating DNA to primary antibodies.  
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Figure 3.4 Three-channel, extended depth 3D prSTORM images of microtubules, mitochondria, 

and the endoplasmic reticulum (ER) in COS-7 cells expressing sec61β-GFP that were 

immunostained for α-tubulin, TOM20, and GFP (see also Table S2 for additional details). a) 

Three-color x-y projection. b) Zoomed-in view of box in a, with orthogonal views of the dashed 

cross (100 nm section thicknesses). c) x-y projections colored in z for each structure (tubulin, 

ER, and mitochondria, respectively). White circle indicates the same sites marked in b. d) 

Zoomed-in view of box in a. Insets show cross-sectional profiles of the tubulin and ER channels, 

respectively. Scale bars: 2 m (a), 500 nm (b-d). 
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Although it is not necessary, the entire process could be automated using computer-controlled 

focal plane scanning and a computer-controlled perfusion system for solution exchanges, etc., in 

order to boost throughput and to reduce human labor. 

3.6 CONCLUSION 

We have developed and characterized prSTORM which permits extended depth 3D super-

resolution microscopy without incurring limitations resulting from photobleaching. We showed 

that prSTORM enables high resolution imaging throughout multiple layers of a specimen without 

loss of resolution due to reduced localization density and we also show that prSTORM can be 

easily extended to multiple channels with low crosstalk. The probe refresh method would 

potentially also benefit other 3D SMLM techniques, such as 4Pi interferometry, as well as 

stimulated emission depletion (STED) microscopy or structured illumination microscopy (SIM) 

so that a superior fluorophore or wavelength range could be used for multiple channels over 

extended depths. 
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3.9 SUPPORTING CITATIONS 

Reference (35)  appears in the Supporting Material. 

3.10 SUPPORTING INFORMATION MATERIALS AND METHODS 

3.10.1 Reagents 

N-hydroxysuccinimide (NHS) ester; Alexa Fluor 750 NHS ester; 10× phosphate buffered saline 

(PBS); sodium chloride (NaCl); ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetraacetic 

acid tetrasodium salt (EGTA); magnesium chloride hexahydrate (MgCl2); saponin; d-glucose 

anhydrous; 2-(N-morpholino) (MES) buffered saline packs; hydrochloric acid (HCl); sodium 

hydroxide (NaOH); Zeba spin desalting columns (100 kDa molecular weight cut off); disodium 

hydrogen phosphate (Na2HPO4); and tris base were purchased from Thermo Fisher Scientific 

(Waltham, MA). Sodium bicarbonate; dimethyl sulfoxide (DMSO); dimethylformamide (DMF); 

triton X-100; piperazine-N,N’-bis(2-ethanesulfonic acid) sesquisodium salt (PIPES); 2-

hydrazinopyridine dihydrochloride (2-HP); sodium borohydride (NaBH4); tRNA from baker’s 

yeast; 2-mercaptoethanol (BME); glucose oxidase from Asperigillus niger; catalase; and Ultra-0.5 

mL centrifugal filters (100 kDa molecular weight cut off) were purchased from MilliporeSigma 
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(St. Louis, MO). N-succinimidyle 4-formylbenzoate (SFB) was purchased from TCI America 

(Portland, OR). Succinimidyl 6-hydrazinonicotinate acetone hydrazine (SANH) was purchased 

from Molecular Targeting Technologies (West Chester, PA). 10x Turbolink™ Catalyst Buffer was 

purchased from Solulink (San Diego, CA). Bovine serum albumin (BSA) was purchased from 

Rockland Immunochemicals (Limerick, PA). Aqueous solutions of 32% paraformaldehyde and 

50% glutaraldehyde were purchased from Electron Microscopy Sciences (Hatfield, PA). Illustra 

Nap-5 columns, Sephadex G-25; and Hyclone Fetal Bovine Serum (FBS) were purchased from 

GE Healthcare (Chicago, IL). Vivaspin 500 centrifugal concentrators (5 kDa molecular weight cut 

off) were purchased from Vivaproducts (Littleton, MA). Commercially available mouse 

monoclonal anti-GFP epitope (1:200; IgG2a; clone B-2; Santa Cruz Biotechnology (Dallas, Tx)); 

rabbit polyclonal anti-Tom20 epitope (1:200; clone FL-145; Santa Cruz Biotechnology); and rat 

monoclonal anti-alpha tubulin epitope (1:500; clone YL1/2; Thermo Fisher Scientific) were used 

for immunohistochemistry. Donkey anti-rat IgG (712-005-153); donkey anti-rabbit IgG (711-005-

152); and donkey anti-mouse (715-005-151) were purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA). Microscope objective lens immersion oil (Laser liquid oil, code 

5610) was purchased from Cargille Laboratories (Cedar Grove, NJ). Roswell Park Memorial 

Institute (RPMI) Medium 1640 [+] L-glutamine; Minimal Essential Medium (MEM) non-essential 

amino acids (NEAA); penicillin streptomycin; trypsin ethylenediaminetetraacetic acid (EDTA); 

and Dulbecco’s Modified Eagle Medium (DMEM) [+] 4.5 g/L D-glucose, [+] L-glutamine, and 

[+] 110 mg/L sodium pyruvate were purchased from Gibco via Thermo Fisher Scientific. 
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3.10.2 Secondary Antibody Conjugation to Alexa Fluor 647 for standard 

immunohistochemistry (no DNA) 

Secondary antibodies for standard immunohistochemistry were labeled with Alexa Fluor 647 

NHS ester at a labeling efficiency of 3-4 dyes per antibody according to the following procedure. 

80 µL of secondary antibodies (~1.3 mg/mL) were incubated with 10 µL 1 M aqueous sodium 

bicarbonate (pH ~8.3) and 4-6 µg of Alexa Fluor 647 NHS ester at room temperature for 45 

minutes. During the reaction we equilibrated a Nap-5 column with ~10 mL of PBS. After 45 

minutes, we loaded the antibody mixture onto the column (~100 μL), we allowed the antibody 

mixture volume to sink into the frit, flowed 600 µL of PBS through the column (discarding the 

flow through), added 300 µL of PBS to the column and collected the 300 µL of eluate, which 

contained the Alexa Fluor 647 modified antibody. We then characterized using a UV-Vis 

spectrometer. Antibody concentrations and labeling ratios (dyes/protein) were determined using 

equations 3.1 and 2.2 

[Antibody](in mg/mL) =  MWIgG ×
A280−(CFDye×Amax,dye)

εIgG
   Eq. 3.1 

d
p⁄ = 

Amax, dye×εIgG

εdye(A280−(CFdye×Amax,dye)
    Eq. 3.2 

For all antibody (IgG) labeling, MWIgG=150,000 g/mol, ɛIgG=200,000 M-1cm-1, and 

A280=Absorbance at 280 nm. For labeling with Alexa Fluor 647, Amax,dye=Absorbance at 650 nm, 

CFdye=0.03, and ɛdye=239,000 M-1 cm-1 

3.10.3 Preparation of DNA-Antibody Conjugates 

Secondary antibodies were conjugated to amine-modified DNA sequences using a modified 

version of a previously published protocol (33, 35) which is also described in detail, below. 

Overall the procedure consists of functionalizing amino-modified DNA with SFB, 



90 

 

functionalizing antibodies with SANH, and coupling the SFB and SANH groups together to 

produce DNA-antibody conjugates. 

Preparation of buffers. 250 mL of Buffer A (150 mM NaCl, 100 mM Na2HPO4, pH 7.4) was 

prepared by combining ~2.2 g NaCl and ~3.5 g Na2HPO4 and deionized water to a total volume 

of 250 mL. Buffer C was prepared using the same recipe and adjusted to pH 6.0. 2× MES, pH 

5.0 was prepared by dissolving one packet MES buffered saline in deionized water to a total 

volume of 250 mL. The pH of buffers were adjusted to the indicated pH values using 10 M HCl 

or 10 M NaOH.  

Modification of amino-oligonucleotide with SFB. DNA sequences containing 5’ amine 

modifications (5’amino C6) were purchased from IDT (Integrated DNA Technologies) in 0.1-1 

µmol synthesis scale. Before opening, IDT tubes were centrifuged briefly to ensure DNA pellet 

is positioned at the bottom of the tube. After centrifugation, the DNA was dissolved in water at a 

concentration of 10 mM (10 nmol/µL). This stock was stored at -20 °C for future use. For a 200 

nmol synthesis, 20 µL of stock DNA was diluted with 80 µL of Buffer A, yielding a final 

concentration of 2 mM DNA in Buffer A. ~1 mg SFB was suspended in 40 µL anhydrous 

DMSO (71.5 mM). 40 µL of the 71.5 mM SFB solution per 200 nmol DNA was suspended in 

Buffer A.  

The solution was vortexed gently and allowed to react at room temperature for 2 hours. We 

removed excess SFB from the DNA using a Vivaspin 500 centrifugal filter by adding the 

reaction to the spin filter and bringing the total volume to ~500 µL using Buffer C. The reaction 

was centrifuged for 10 minutes at 13000 g. The flow-through was discarded and Buffer C was 



91 

 

added to a volume of ~500 µL before centrifuging for 10 minutes at 13000 g. This process was 

repeated 3 additional times. After centrifuging we pipetted out the concentrate (~80 µL) and 

brought the total volume up to 100 µL using Buffer C, rinsing the filter with the volume of 

Buffer C we added to the concentrate. Solutions of SFB-modified DNA in Buffer C were stored 

at 4 °C for up to a year.  

We quantified the amount of SFB-modified DNA by measuring the Molar Substitution Ratio 

(MSR). To do so, we prepared a working solution of 0.5 mM 2-HP in 0.1 M MES buffer, pH 5.0. 

This working solution is stable when stored at 4 °C and protected from light. Next, we prepared a 

2-HP blank solution by adding 2 µL water to 48 µL 2-HP working solution and prepared a SFB-

oligo MSR solution by adding 2 µL of purified oligo to 48 µL of 2-HP working solution. These 

two solutions we then vortexed and incubated at 37 °C for 1 hour. After incubating, there was 

often some condensation on the inner caps of the tubes, we collected the condensation by 

centrifuging tubes for ~15 seconds at 15000 g. Next, we added 450 µL water to each tube and 

briefly vortexed, this dilution brings absorption measurements to <1 on our instrument, it may 

need to be adjusted accordingly depending on reaction. The reaction with the modified DNA 

sample forms a hydrazine bond with absorption at 354 nm (molar extinction coefficient = 28,500 

M-1cm-1). We used a UV-vis to quantify the substitution ratios, blanking the instrument with the 

prepared 2-HP blank solution. The concentrations of modified oligo and total oligo in solution 

we calculated using the 354 and 260 nm absorption peaks, respectively. Molar extinction 

coefficients for DNA sequences are provided by IDT. The ratio of these two concentrations 

yields the MSR. We typically achieve MSR values of 0.75 and modified DNA concentrations of 
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~1 mM using this method. The concentration of modified DNA stock is multiplied by 250 in 

equation 3.4 due to the two dilution steps. 

MSR= 
[Modified oligo]

[Total oligo]
=

[
A354

28,500
mol

L*cm

]

[
A260

ε
oligo

mol
L*cm

]

    Eq. 3.3 

[Modified DNA]
Stock

=  MSR ×
A260

εoligo
mol

L*cm

× 250    Eq. 3.4 

Modification of antibodies with Alexa Fluor 750. Prior to modifying antibodies with SANH, we 

found it useful to label them with Alexa Fluor 750 at a d/p ratio of ~0.5 in order to quantify the 

final DNA-antibody conjugate labeling ratio which may otherwise be confounded by overlapping 

peaks due to antibody absorption at ~280 nm and DNA absorption at ~260 nm. We used a protocol 

similar to modification of antibodies with Alexa Fluor 647, described above, but with changes 

described here. We added ~3 µg of Alexa Fluor 750 NHS ester from a concentrated DMSO stock 

and 50 µL of freshly made 1 M aqueous sodium bicarbonate (pH ~8.3) to 200 µL of antibody (~1.3 

mg/mL antibody in PBS), and incubated the reaction at room temperature (23 °C) for 45 minutes. 

During the reaction, we equilibrated a Nap-5 column by flowing through ~10 mL of Buffer A. 

After 45 minutes, we loaded the antibody mixture onto the column (~250 μL), we allowed the 

antibody mixture volume to sink into the frit, flowed 450 µL of Buffer A through the column 

(discarding the flow through), added 300 µL of Buffer A to the column and collected the 300 µL 

of eluate, which contained the Alexa Fluor 750 modified antibody. We characterized the d/p 

labeling as previously described for Alexa Fluor 647 modification, being sure to blank the UV-vis 

with Buffer A instead of PBS. For Alexa Fluor 750, Amax,dye=Absorbance at 750 nm, CFdye=0.04, 

and dye=290,000 M-1cm-1. This solution was stored at 4 °C for up to a month until ready to proceed 
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with SANH modification. We typically achieved 0.5-1 d/p and an antibody concentration of 

~0.0025 mM (0.37 mg/mL). 

Modification of antibody with SANH. We dissolved 1 mg of SANH in 350 µL of DMF (9.8 mM) 

and stored in a desiccator at room temperature (23 °C) for up to 2 weeks. We added ~7.5 μL of the 

SANH solution to 300 µL of Alexa Fluor 750 modified antibody stored in Buffer A, vortexed, and 

incubated at room temperature for 2 hours. The molar excess of SANH over IgG can be adjusted 

to tune the number of DNA strands that bind to the IgG using equations 5 and 6. At a 100 molar 

excess of SANH (~7.5 µL SANH stock) we typically achieved 3-4 DNA/IgG. We found that 

higher DNA/IgG ratios could substantially disrupt antibody affinity.  

[SANH]final=[IgG]mM ×Molar Excess    Eq. 3.5 

VolumeSANH=
[SANH]final×VolumeIgG

9.8 mM
    Eq. 3.6 

We added the appropriate volume of SFB-oligo to SANH-IgG along with 1/9th of the total 

volume of Turbolink Catalyst Buffer (10×), vortexed the solution, and incubated at room 

temperature for 2 hours at room temperature (~23 °C) or overnight at 4 °C. For purification, we 

placed an Amicon Ultra 0.5 mL filter in a collection tube and applied the reaction solution to the 

filter. We added 1× PBS to the filter to make the total volume ~500 µL and centrifuged for 5 

minutes at 14000 g. The flow-through was discarded and 1× PBS was added to bringing the total 

volume back up to ~500 µL and centrifuge again for 5 minutes at 14000 g. We repeated this step 

an additional three times. After, we pipetted out the concentrate and measured its volume. We 

brought the total volume up to 100 µL using PBS by first rinsing the filter with the volume to be 

added to the concentrate. We used the UV-vis to measure the 354 and 750 nm absorbance peaks 

and determined the DNA/IgG labeling ratio and IgG concentration using equations 9-11. 



94 

 

[DNA-IgG]=
A354

29,000
mol

L*cm

     Eq. 3.7 

[IgG] =
A750

290,000
mol

L*cm

÷ d/p    Eq. 3.8 

DNA

IgG
=

[DNA-IgG]

[IgG]
      Eq. 3.9 

3.10.4 Cell Culture and Transfection 

BS-C-1 cells (ATTC CCL-26) were grown in RPMI supplemented with NEAA, penicillin 

streptomycin, and FBS. COS-7 cells (ATCC CRL-1651) were grown in DMEM supplemented 

with NEAA, penicillin streptomycin, and FBS. In some cases, COS-7 cells were transfected with 

Sec61β-GFP fusion plasmid using a Lonza 4D X Nucleofector system. First, COS-7 cells were 

grown to approximately 90% confluency and approximately 2-4 million were harvested using 

0.25% Trypsin EDTA. The cells were mixed with 18 µL of SE cell supplement and 82 µL of SE 

nucleofection solution from Lonza and 2 µg/million cells of with Sec61β-GFP fusion plasmid. 

Then the cells were placed in the Lonza 4D nucleofector system and transfected using the DS-

120 pulse code. Cells were then recounted and seeded into chambers with ~30,000 cells/well for 

ibidi 8-well chambers or ~11,000 cells/channel for ibidi µ-Slide VI 0.4 flow channels (~11,000 

cells/channel), and incubated overnight. 

3.10.5 Cell Fixation 

All samples were fixed at 37 °C for 10 minutes in PFA/GA fixation solution containing 100 

mM aqueous PIPES buffer pH 7, 1 mM EGTA, 1 mM MgCl2, 3.2% paraformaldehyde, 0.1% 

glutaraldehyde, then reduced for 10 minutes with fresh, 10 mM aqueous sodium borohydride, 

and rinsed with PBS for 5 minutes. Prior to fixation, some specimens were subjected to a ~20 
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second extraction step with a solution of 100 mM aqueous PIPES buffer pH 7, 1 mM EGTA, 1 

mM MgCl2, which contained either 0.025% saponin or 0.5% triton X-100; see Table 3-2 for 

additional details. 

3.10.6 Immunostaining 

All samples were incubated at room temperature for 30 minutes in block/perm solution 

containing PBS, 3% BSA, and 0.5% triton X-100. All samples were incubated for 30 minutes to 

overnight in block/perm solution containing primary antibodies. Standard immunohistochemistry 

samples containing no DNA were incubated for 30 minutes in block/perm solution containing 

secondary antibodies labeled with Alexa Fluor 647. DNA samples were incubated for 30 minutes 

with secondary antibody-DNA conjugates in DNA block/perm solution containing PBS, 3% BSA, 

0.5% triton X-100 and 1 mg/ml yeast tRNA, and then rinsed for 5 minutes with PBS. All samples 

were post-fixed for 10 min in a solution containing PBS, and 0.25% glutaraldehyde. Adapter and 

reporter ssDNA were pre-hybridized for 10 min in DNA block/perm. Samples were incubated with 

pre-hybridized adapter/reporter solution at room temperature or 37 °C for 5-10 minutes followed 

by a 3 mL rinse with PBS.  

3.10.7 STORM setup and imaging  

Imaging was performed on a homebuilt STORM system constructed on an inverted 

microscope (Eclipse Ti-U, Nikon), equipped with a 100X 1.45NA oil objective (CFI Plan Apo , 

Nikon), a motorized stage (MS-2000 Flat-Top, Applied Scientific Instrumentation) and a 

custom-built focus lock module based on a piezoelectric objective lens nano-positioner (Nano-

F100S, Mad City Labs) and an infrared laser diode (LP940-SF30, Thorlabs). The 647 nm 
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illumination laser (2RU-VFL-P, MPB Communication) was controlled using an acousto-optical 

tunable filter (AOTF, Gooch & Housego). Oblique illumination (near total internal reflection) 

was employed to enable deep 3D imaging while maintaining a relatively low background. For 

3D imaging, a cylindrical lens with a focal length of 1000 mm was introduced into the detection 

path to create astigmatism for axial localizations. Calibration data were collected before 3D 

imaging using 100-nm-diameter fluorescent beads (Molecular Probes) while scanning in the z 

direction. Samples were imaged in a freshly prepared switching buffer containing 10% glucose, 

100 mM tris pH 8, 1% BME and 1% GLOX (glucose oxidase/catalase). Image stacks (also 

termed as “movies”) were captured using an electron-multiplying charge-coupled device camera 

(iXon+DU897, Andor) via custom acquisition software at 200 Hz for 50,000-400,000 frames 

with an illumination power density of ~3.5 kW/cm2. In case of multichannel imaging, an initial 

reference image of all structures simultaneously labeled with the same dye using their 

corresponding adapter and reporter DNA oligonucleotides were obtained for registrations among 

channels. A 405 nm activation laser (OBIS LX, Coherent) was used to enhance the 

photoactivation rate of Alexa Fluor 647. An aspirator was used to perform on-stage liquid 

exchanges (see Figure 3.10). 

3.10.8 Data Analysis 

STORM images were generated using similar methods as previously described (3). Briefly, for 

2D STORM, images of individual molecules were identified and fitted to a 2D Gaussian function 

to obtain the centroid coordinates (x0, y0), which were assigned the positions of the single 

molecules for reconstructing a STORM image. For 3D STORM, an elliptical Gaussian function 

was used instead. The lateral coordinates of molecules were determined in the same way using 
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the Gaussian centroid coordinates, and the vertical coordinate (z) was calculated by comparing 

the Gaussian widths (wx, wy) to the calibration curves. Focal shift and spherical aberration 

corrections were carried out at each focal plane as described previously (4). Lateral and axial 

drift correction was then applied to the super-resolution image based on cross-correlations of 

adjacent subsets of localizations. For multilayer 3D images, localizations ~300 nm beneath the 

focal plane were accepted, while localizations above the focal plane were rejected due to their 

poorer spatial resolution resulting from spherical aberration correction. Prior to merging all 

layers together, alignments in three dimensions were carried out using a Fourier transform based 

cross-correlation method. To register images laterally, all images to be aligned were saved as 

high resolution x-y projections. Then the 2D cross-correlation between two adjacent layers was 

calculated and images were then aligned by translating all localizations by the displacement 

between the position of the cross-correlation peak and the origin. After lateral alignment, 

identical x-z slices of each movie were saved and x-z alignment was carried out using the same 

cross-correlation procedure. In some cases, lateral and axial registration processes were iterated 

to ensure good alignment in all three dimensions. In the case of multichannel registration, an 

image of all structures served as a reference image for alignment among channels. Here, all 

targets to be imaged were simultaneously labeled with the same dye using their corresponding 

adapter and reporter DNA sequences. Images in each channel in the same layer were aligned to 

the reference image using the same Fourier transform cross-correlation method, followed by 

multilayer alignment in each channel as in the case of single channel multilayer 3D imaging 

3.10.9 Supporting References 
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3.10.10 Supporting Figures And Tables 

Table 3-1 DNA Sequences 

Secondary Antibody and Sequence 

5’-3’  

Adapter Sequence 5’-3’ 

 

Reporter Sequence 5’-

3’ 

 

Donkey anti Rat min Mouse 

/5AmMC6/GCATTACAGTCCTCATAAGT 

(LAG_010) 

ACTTATGAGGACTGTAATGCTTA

ATGATACGGCGACCACCGATTAA

TGATACGGCGACCACCGATTAAT

GATACGGCGACCACCGA 

(LAG_013) 

/5Alex647N/TCGGTGGT

CGCCGTATCATT  

(P5A647JV) 

Donkey anti Rabbit 

/5AmMC6/CCGAATACAAAGCATCAACG 

(LAG_007) 

CGTTGATGCTTTGTATTCGGTTA

ATGATACGGCGACCACCGATTAA

TGATACGGCGACCACCGATTAAT

GATACGGCGACCACCGA 

(LAG_015) 

/5Alex647N/TCGGTGGT

CGCCGTATCATT  

(P5A647JV) 

Donkey anti Mouse min Rat 

/5AmMC6/GACTACTGATAACTGGATTG 

(LAG_017) 

CAATCCAGTTATCAGTAGTCTTA

ATGATACGGCGACCACCGATTAA

TGATACGGCGACCACCGATTAAT

GATACGGCGACCACCGA 

(LAG_016) 

/5Alex647N/TCGGTGGT

CGCCGTATCATT  

(P5A647JV) 

Notes: Colors of the sequences in adjacent columns indicate complementarity. The code in 

parentheses below each sequence indicates the sequence name. Each adapter contains space for 

three reporter strands to bind, and all adapters bind to the same reporter strand. BRS: barcode 

recognition sequence; RDS: reporter docking sequence; RS: reporter stand; Dye: Alexa Fluor 647. 
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Table 3-2 Summary of sample preparation and imaging conditions. 

Notes: 1Number of rounds, where each round consists of melting, hybridization, and washing steps 

(Fig. 1), but where the first round omits the melting step. 2In Figure 4, “4×3” means 4 rounds for 

3 channels. 3In Figure 3.9, “1×12” means 1 layer for 12 cases. 4“Exhaustion” here means imaging 

until nearly all the dyes were photobleached, typically at ~400,000 frames when gradual 405 nm 

laser activation was used during imaging. 

Fig. Specimen Extractio

n 

Primary Ab 

all 1-2 

μg/mL 

Secondary Ab 

all 8-12 μg/mL 

Adapter(s) Rounds1 Thicknes

s 

Imaging Conditions 

1 COS-7 cell, 

wildtype 

saponin Rb x TOM20 D × Rb-

LAG_007 

LAG_015 13 3.2 µm 200 Hz, 100k frames/round, 

100x 1.45 NA oil objective, 

405 activation 

2a-b BS-C-1 cell, 

wildtype 

none Rb × TOM20 D × Rb-

LAG_007 

LAG_015 10 (b) 

 

600 nm 200 Hz, 50k frames/round, 

100x 1.45 NA oil objective 

2d BS-C-1 cell 

expressing 

Sec61β-

GFP 

none Rb × GFP D × Rb-

LAG_007 

LAG_015 4 

 

1.2 µm 200 Hz, exhaustion4,  

100x 1.45 NA oil objective, 

405 activation 

3 COS-7 cell 

expressing 

Sec61β-

GFP 

saponin Ms × GFP D × Ms-

LAG_017 

LAG_016 9 

 

1.5 µm 200 Hz, 200k frames/round, 

100x 1.45 NA oil objective 

405 activation 

         

4 COS-7 cell 

expressing 

Sec61β-

GFP 

saponin Rat × Tub 

Rb × TOM20 

Ms × GFP 

D × Rat-

LAG_010 

D × Rb-

LAG_007 

D × Ms-

LAG_017 

LAG_013 

LAG_015 

LAG_016 

4×3 2 

 

800 nm 200 Hz, 200k frames/round, 

100x 1.45 NA oil objective  

405 activation 

S1 BS-C-1 cell, 

wildtype 

triton Rat × Tub D × Rat-

LAG_010 

LAG_013 1 ~600 nm 

(2D only) 

200 Hz, 200k frames/round, 

100x 1.45 NA oil objective  

405 activation 

S2 BS-C-1 cell, 

wildtype 

triton Rat × Tub D × Rat AF647 

D × Rat-

LAG_010 

N/A 

LAG_013 

20 ~600 nm 

(2D only) 

500 Hz, 100k frames/round, 

60x 1.2NA water objective  

405 activation 

S3a BS-C-1 cell, 

wildtype 

none Rb × TOM20 D × Rb-

LAG_007 

LAG_015 10  

 

600 nm 200 Hz, 50k frames/round, 

100x 1.45 NA oil objective 

S3b BS-C-1 cell 

expressing 

Sec61β-

GFP 

none Rb × GFP D × Rb-

LAG_007 

LAG_015 4 

 

1.2 µm 200 Hz, exhaustion4, 

100x 1.45 NA oil objective, 

405 activation 

S4 COS-7 cell, 

wildtype 

saponin Rb x TOM20 D × Rb-

LAG_007 

LAG_015 13 3.2 µm 200 Hz, 100k frames/round, 

100x 1.45 NA oil objective, 

405 activation 

S5 COS-7 cell, 

wildtype 

saponin  Rat × Tub 

Rb × TOM20 

Ms × aTub 

D × Rat-

LAG_010 

D × Rb-

LAG_007 

D × Ms-

LAG_017 

LAG_013 

LAG_015 

LAG_016 

Reporter 

only 

1×12 3 ~600 nm 

(2D only) 

200 Hz, 50k frames/round, 

100x 1.45 oil objective 
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Figure 3.5 Comparison of tubulin immunostains in BS-C-1 cells using either standard fluorescent 

secondary antibody or DNA-conjugated secondary antibody. a) 2D STORM image using a 

standard fluorescent secondary antibody. b) Zoomed-in view of box in a. c) 2D STORM using a 

DNA-conjugated secondary antibody. d) Zoomed in view of box in c. e) Examples of histograms 

of number of localizations in cross-sections of microtubules in both cases for boxed regions in 

panels b and d. f) Statistical results on 59 cross-sections in a and 58 cross-sections in c. Data were 

expressed as mean ± standard error of the mean. Contrast has been adjusted individually in a-d for 

better visualization of the tubule structures; the number of localizations per unit length of 

microtubules was ~30% larger for standard fluorescent secondary antibodies compared to DNA-

conjugated secondary antibodies. Scale bars: 2 µm (a, c), 500 nm (b, d). 

 

 



102 

 

 

Figure 3.6 Assessment of structural preservation in prSTORM. a) 2D STORM image (Round 

01) of microtubules in a BS-C-1 cell immunostained for α-tubulin. b) 2D STORM image (Round 

20) of the same region after repeating 19 additional rounds of melting, hybridization, and 

washing. c) Overlay of panels a and b. d-f) Zoomed-in views of boxes in a-c. Scale bars: 1 µm 

(a-c), 500 nm (d-f). Arrows indicate two regions showing minor distortions after 20 rounds of 

melting, hybridization, and washing 
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Figure 3.7 Regions of interest selected for statistical analysis shown in Figure 2. a) Positions and 

sizes of the 15 random regions for analysis in Figure 2c, i.e., in single-layer 3D STORM images 

of mitochondria with and without probe refresh steps. b) Positions and sizes of the 5 thick regions 
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(solid boxes) and 10 thin regions (dashed boxes) for analysis in Figure 2e, i.e., in 4-layer 3D 

STORM images with and without probe refresh steps. Scale bars: 1 µm 

 

Figure 3.8 Mitochondrial network in a COS-7 cell at a depth of 3.2 microns, with 13 layers and 

100K frames per layer using prSTORM.  Imaging with conventional immunohistochemistry is 

limited to ~400K frames, but with prSTORM the fluorescence was refreshed permitting the 

structure to be densely sampled over an extended depth. Scale bar: 4 µm 
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Figure 3.9 Cross-talk analysis for secondary antibodies for prSTORM used in this study. a) 2D 

STORM images, with the left, middle, and right columns showing cells immunostained for α-

tubulin, TOM20, and sec61β-GFP, respectively. In successive rows, the specimen has been washed 

with hot water to remove adapter/reporter oligonucleotides, incubated with the indicated 

adapter/reporter oligonucleotides, washed, and imaged. Within each column, the same region of 

each cell is imaged. Scale bars: 1 µm. b) Quantitative analysis. The number of localizations was 

determined for each condition and normalized to the positive (bright) channel in each column. 

Because this approach counts localizations resulting from nonspecific binding, the crosstalk values 
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here likely represent an upper bound to the crosstalk. Data were expressed as mean ± standard 

error of the mean. 

 

Figure 3.10 Simple stage-top flow channel apparatus for probe refresh STORM. a)  An aspirator 

flask is connected to a vacuum pump and a Pasteur pipette that is secured above a flow channel 

containing fixed and immunostained cells. b) Close-up of Pasteur pipette with bent tip. The Pasteur 

pipette is positioned so that its tip is ~2-3 mm above the bottom of the flow channel without 

touching any part of the well. The inset shows how the Pasteur pipette is secured to the movable 

portion of the microscope stage so that it moves with the specimen. The unoccupied well across 

from the Pasteur pipette is used to deliver liquids into the channel by hand pipetting. When the 

vacuum pump c) is powered on, excess liquid from the flow channel is removed without sucking 

air bubbles through the channel. The vacuum pump is turned off during liquid incubations and data 

acquisition. d) Heating the tip of a Pasteur pipet over the flame of a Bunsen burner to bend its tip. 
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Chapter 4. HARDWARE FOR MICROSCOPY 

4.1 PREFACE 

Fluorescence microscopy is enabled, in part, by having a well-tuned optical system which can 

reproduce the image of a specimen with high fidelity. Consequently, technological developments 

in microscopy are intimately tied to developments in optics, light sources and detectors. High 

numerical aperture lenses which are aberration-corrected, enable high resolution images to be 

created by collecting a large cone of light. These lenses have been crucial for observing and 

studying the dim fluorescence of single fluorescent molecules. Laser technology has provided 

microscopy with highly coherent light sources which are ideal for exciting fluorescent probes 

with high power and narrow bandwidth. Lasers beams are also easily shaped, and interesting 

illumination schemes have been used to simply reject background light (1) or break the 

diffraction-limit(2). Finally, ultra-sensitive and fast (~1000 Hz) CCDs enabled cellular dynamics 

to be imaged with high spatial and temporal resolution, even though genetically-encoded probes 

are dim. 

 It is now possible to purchase these components off-the-shelf in order to create custom 

microscopy solutions to push the technological envelope or image new kinds of samples. For 

example, Eric Betzig and colleagues created the lattice light sheet microscope which has enabled 

fast-cellular dynamics to be captured while delivering an order of magnitude lower light dose (3). 

In another example, McGorty et al. have created an innovative single plane illumination 

microscope setup which is compatible with samples that would normally be used in 

conventional, Epi-fluorescence (EPI) (4).  
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In this chapter I will describe how I designed and characterized three different custom 

microscopy setups. Each of these setups relies on two different illumination and detection 

schemes: total internal reflection (TIR) and confocal.  In Section 4.1.1 and Section 4.2.1 I will 

develop the principles of total internal reflection fluorescence microscopy (TIRFM) and confocal 

microscopy respectively. 

In Section 4.1.2 I will describe a total internal reflection fluorescence microscope (TIRFM) 

which I helped design and build for the group of our collaborator, Prof. Daniel Chiu. I built the 

microscope to study single semiconducting polymer dots at the coverslip. Consequently, I 

selected to use a total internal reflection (TIR) geometry, in order to maximize signal to 

background levels. I characterized the microscope by measuring the power density at the sample 

plane and obtained images that demonstrate TIR illumination. In Section 4.1.3 I describe an 

existing TIRFM setup I modified to include a 3-electode potentiostat, in which the voltage 

potentials are synchronized with the camera readouts. Once again, I selected the TIR geometry 

because I wanted to study single molecule events at the surface of an optically clear electrode. In 

Section 4.2.2 I describe how I characterized the point spread function of a home-built spinning-

disc confocal microscope. The home-built design is substantially less expensive, and much more 

customizable than commercial versions, so I measured the effect of pinhole size on the 

microscope’s Point Spread Function (PSF).     

4.2 TOTAL INTERNAL REFLECTION MICROSCOPY (TIRFM) 

4.2.1 Principles of TIRFM 

Total internal reflection (TIR) occurs when light within a medium of higher index of 

refraction is incident at a sufficiently large angle upon an interface with a medium of lower index 
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of refraction as predicted by Snell’s law, n1 sinΘ1 = n2 sinΘ2. At angles larger than the critical 

angle, the incident light beam completely reflects at the interface, and it creates an evanescent 

wave which propagates parallel to the surface, and decays exponentially perpendicular to the 

surface. 

The evanescent wave generated by TIR can be used for microscopy to excite fluorophores 

near interface while only exciting very few molecules in the bulk solution because it decays 

within ~100-200 nm of the surface. This illumination geometry is advantageous for specimens 

located near the surface because it avoids intense background fluorescence in thick samples, and 

because it enables detailed analysis of the specimen at the interface. In its first implementation, 

Ambrose et al. used a mercury arc lamp for illumination, and a prism to achieve TIR, and they 

studied light scattered off the specimen to study movements of filamentous mould (1).  Later the 

technique was extended to incorporate lasers, fluorescent dyes, and illumination with  high-

numerical aperture (NA) objective lenses rather than a prism in order to achieve TIR (5). For 

instance, Axelrod et al. demonstrated they could effectively study fluorescently labeled red blood 

cells with extremely low background – showing the efficacy of prisimless TIRF combined with 

laser illumination(5). 

Objective-Based TIR Principles: 

If we consider light rays incident upon the specimen, one can rearrange Snell’s law to find 

the critical angle, θc, necessary for TIR. 

𝜃𝑐 = sin−1 (
𝑛1

𝑛2
)     Eq. 4.1 

Here, n1 and n2 represent the indices of refraction of the materials at the interface.  In a typical 

TIRFM experiment the specimen is in an aqueous environment  (n1 = nw = 1.33) and it is placed 
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on a glass slide (n2 = ng = 1.52).  This implies that the critical angle necessary to achieve TIR, θc , 

is 61.4◦.  If we want to use the objective lens to achieve TIR, this means that the objective needs 

to have a high enough NA in order to bend the light to the critical angle.  The NA of the lens is 

defined as 

𝑁𝐴 = 𝑛𝑖 sin 𝜃𝑜      Eq. 4.2 

where NA is the numerical aperture of the lens, ni ,is the index of refraction and θo  is the 

maximum angle of light that the objective can detect.  For example, if a 1.45 NA lens is used, the 

maximum angle that can be made with the interface is 72◦ which is sufficient to achieve TIR.  In 

general, any objective can be used to achieve TIR as long as this condition holds, although in 

practice only oil-immersion lenses of NA ≥ 1.4 are regularly used for TIR: 

𝑁𝐴 > 𝑛𝑤      Eq. 4.3 

In TIR geometry the penetration depth of the evanescent wave is given by 

𝐼𝑧 = 𝐼𝑜 𝐸𝑥𝑝[− 𝑧 𝑑⁄ ]     Eq. 4.4 

where Io is the intensity of the incident wave, z is the depth into the sample, and the penetration 

depth term d depends on the wavelength, illumination angle with respect to surface normal, and 

the indices of refraction: 

𝑑 =   
𝜆

4 𝜋
(𝑛2

2 sin2 𝜃 − 𝑛1
2)−1/2    Eq. 4.5 

where λ is the wavelength of the light, n1 and n2 are the indices of refraction, and θ  is angle of 

the beam. For example if we use 650 nm light, a 1.45 objective, and a 72◦ angle, the penetration 

depth is 91 nm. Taken together, equation 4 and equation 5 indicate that only objects near the 

interface will be detected (5, 6) (Figure 4.1). The angle the light makes as it exits the objective 

lens is dependent upon the radial position of beam at the back focal plane of the objective.  
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Therefore it is easy to switch between epi illumination and TIR illumination by translating the 

excitation beam from the center to the edge of the objective’s back focal plane. 

 

4.2.2 Construction of a TIRF Microscope 

 

Figure 4.1 An example of total internal reflection using a high NA oil-immersion lens.  The 

excitation light is incident on a glass slide at or above the critical angle.  This results in an 

evanescent wave whose intensity decays exponentially perpendicular to the surface.  The plot on 

the right gives an example decay curve for the evanescent wave, where the intensity at axial 

position Z (Iz) falls of exponentially as Z increases.   

 

While I was working on my PhD I had the opportunity to build a TIRF microscope for the 

research group of Dr. Daniel Chiu which is now being used to study semiconducting polymer 

dots at the single particle level. The microscope was designed around a commercial Nikon 

microscope chassis with two independent homebuilt modules, the beam combination module and 

the TIRF module. The beam combination module is used to collimate each beam, make them the 

same size, and ensure they are all co-linear. Two lenses (L1 and L2 in Figure 4.2) are placed in 

front of the 405 nm laser to expand the beam to match the size of the 640 nm and 488 nm beams.   
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.  

 

 

 

Figure 4.2 Diagram of a TIRF microscope.  The microscope contains two modules, a beam 

combination module and a TIRF-arm module.  The beam combination module collimates a 640 

nm, 488 nm, and 405 nm laser and ensures they are all co-linear and the same size.  A waveplate 

polarizer was placed in front of the 488 nm laser in order to control its intensity. Each laser line 

uses two mirrors which can be used to align all the beams independently.  Once the beams are all 

combined, a final set of mirrors are used to direct the beams into the TIRF module.  Inside the 

TIRF module, two mirrors and a lens are used to focus the beam onto the edge of the objective’s 

back focal plane – achieving TIR.  The neutral density filter (ND) and waveplate polarizer are 

placed in front of the lasers to attenuate their power, and the filters F1 and F2 are used to allow 

beams earlier in the illumination path to pass, while reflecting the next beam into the illumination 

path.  The irises are placed to allow facile alignment between modules and into the microscope. 
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Microscope Characterization: 

 The first step in characterizing the TIRF microscope is measuring the power density.  

This is achieved by placing a fluorescent specimen on the stage, and illuminating a known area 

in epi-fluorescence. Typically a specimen is imaged on the camera, and the area is measured 

from that image. Then a power meter is used to measure the power of the beam out of the 

objective.  The power density is calculated by dividing the power measured by the area 

illuminated. (Figure 4.3) After the power density was measured, images of cells at each of the 

wavelengths both in epi and TIR illumination were taken. To test the 405 nm and 488 nm 

channels, the nuclei of cells were stained with the fluorescent DNA-binding dyes Hoechest and 

Propidium Iodide and imaged in EPI and TIR geometries. Both images exhibited greatly reduced 

background and depth of focus in TIR compared to EPI. To test the 640 nm channel, cellular 

microtubules were immunostained with Alexa 647. In this case, the background reduction is not 

as evident because microtubules are optically thin compared to the nucleus (Figure 4.4).  

However one can observe the approximately 3-4× power enhancement which is a characteristic 

of the TIR geometry (Figure 4.4). Finally, the ability of the microscope to induce single 

molecule photoswitching was tested, and we found that the central part of the illumination had 

intensities sufficient to cause molecules to switch between a fluorescent and non-fluorescent 

state (~3 kW/cm2). 
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Figure 4.3 Measurement of the power density as a function of the laser set power for the 405, 

488 and 640 nm lasers. 
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Figure 4.4 Epi and TIR Images obtained using the 405, 488, and 647 nm lasers. The 405 and 488 

nm lasers were used to image cell nuclei that were stained Hoechst and Propidium Iodide.  

Observe that the TIR images exhibit lower background than their EPI counterparts.  The 640 nm 

laser was used to image microtubules stained with Alexa 647.  Notice that the TIR image is 

brighter due to the 3x TIR power enhancement 
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4.2.3 Use of TIR for Observing Single-Molecule Redox Events 

There is great interest in understating the early stages of electrochemical reactions in order to 

optimize the electrodes and catalysts of the future. Single-molecule fluorescence microscopy is 

well suited for this, because it can detect single redox events with high spatial and temporal 

resolution—permitting researchers to gain detailed understanding of the electrochemical 

interface. These experiments can be conducted at hundreds of Hz, and automated 

synchronization between the optical and electrochemical components is critical. Here I present a 

useful scheme I used to synchronize data acquisition on an optically clear indium tin oxide (ITO) 

electrode.  

In two independent experiments I had the opportunity to work with Dr. Bo Zhang’s lab in 

order to study redox events at the single molecule level by utilizing TIRFM. I contributed by 

imaging their samples on an existing home-built TIRF microscope. In these experiments, the 

ITO serves as the working electrode of a 3 electrode potetiostat. The potential of the working 

electrode changes in time, and redox events at the surface are read out optically.  We selected 

fluorescent resorufin, which can reversibly cycle between non-fluorescent dihydroresorufin upon 

2 electron oxidation or reduction, in order to optically detect each redox event.  

Utilizing fluorescence to interrogate redox events is particularly notable because it gives the 

ultimate single redox event sensitivity. When utilizing resorufin, this means that every turn–on 

event represents exactly 2 electrons being transferred to one molecule while emitting hundreds or 

thousands of photons. This is remarkable, because it allows practitioners to observe distinct 

electrochemical events well before a current would be measurable in a traditional cyclic 

voltammetry experiment. We conducted two different kinds of experiments with this setup which 

resulted in publications the Proceedings of the National Academy of Sciences (PNAS) and the 
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Journal of the American Chemical Society (JACS):  The first was studying the diffusion of 

resorufin inside of nano-porous silica channels deposited on the ITO surface. And The second 

was to observe the early stages of hydrogen nucleation on an electrode (7, 8).  

Experiment Automation and Setup 

In this experimental setup, redox events are detected by recording fluorescence on a camera, 

and the sample illuminated by a laser as the potential of the ITO electrode changes in time.  

Therefore, it was important to synchronize the illumination, the camera, and the electrode 

potential. I achieved this by timing everything off a transistor-transistor logic (TTL) pulse 

(camera fire signal) the camera output every time it took a frame.  

 

Figure 4.5 (A) Wiring diagram for synchronizing the camera, lasers, and applied potential.  The 

camera sends out a TTL pulse (camera fire) into an NI-DAQ digital input. The digital output holds 

a buffered laser fire sequence, which outputs one element per TTL pulse. Both the camera and the 

laser fire sequence are wired to the AND gate in order to shutter the AOM. This is done in order 

to not illuminate the specimen during the CCD transfer time. The laser power and potentiostat 

control voltages are also timed to the camera via a connection internal to the DAQ.   

(B) The potentiostat is connected externally to the imaging setup.  Which includes an optically 

clear working (ITO), reference (Ag/AgCl), and counter electrode (Pt). The droplet contains dilute 

(nm) concentrations of resorufin which undergoes a redox reaction as the potential of the ITO 

changes in time 

  

The TTL pulse is connected to a National Instruments Data Acquisition (NI-DAQ) card, and it 

serves as the clock for the experiment. (Figure 4.5) Before starting the experiment, a laser fire 
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sequence, laser power control sequence, and potentiostat control sequence are all buffered in the 

NI-DAQ.  When the experiment begins, the information flows out of the buffers all timed on the 

camera TTL pulse. Each time the pulse is high, one element from each sequence is sent out of 

the digital and analog outs. The AND gate goes high, when both the laser fire sequence and 

camera fire sequence are high. The signal from the AND gate connects to the AOM, and is used 

as a shutter for the laser. When the AOM receives a signal, it diffracts light into the illumination 

path proportional the analog signal it received. Otherwise no light passes through the 

illumination path of the microscope. Consequently this causes the specimen to be illuminated 

when the camera shutter is open, and dark during the CCD transfer time. The DAQ has two 

analog outputs which are timed to the camera fire signal:  One sends a voltage to control the laser 

power, and the other sends a voltage to control the potentiostat. These two connections ensure 

the laser power and potential are set deterministically during the experiment. 

4.3 CONFOCAL MICROSCOPY     

4.3.1 Introduction to Confocal Microscopy 

Confocal Microscopy is another technique used to minimize background fluorescence from 

out of focus emitters (9, 10). In confocal microscopy, light is focused to a small volume within 

the sample. In contrast, objective TIRF utilizes a highly angled and collimated beam that 

typically reflects off the glass-water interface. In this geometry, the whole specimen is bathed in 

light rather than a thin region at the coverslip—causing out of focus fluorophores to emit light.  

The out of focus light increases the background fluorescence and degrades image quality. This 

can be remedied by placing a pinhole at the detector’s image plane, which is conjugate to the 

sample plane, and raster scanning the laser beam over the specimen. In principle, the pinhole 
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causes rays of light originating from the defocused volume to be blocked—only permitting light 

from the focal plane to be recorded on the detector (Figure 4.6) (11). This innovation has 

revolutionized microscopy and life-sciences because it enabled the facile collection of high-

fidelity 3D images with resolution a >250 nm. Confocal microscopy is usually performed in one 

of two principal modalities: confocal laser scanning microscopy (CLSM) and spinning disc 

confocal microscopy (SDCM) (12, 13). In CLSM a single pinhole is used, and motorized mirrors 

are used to raster scan a laser beam across the specimen—illuminating the specimen point-by-

point (12). The fluorescence emitted from each point on the specimen is recorded on a 

photomultiplier tube and an image is created once per scan. In SDCM, the pinhole is replaced by 

an array of pinholes on a spinning disc that are illuminated by a laser. This causes the specimen 

to be illuminated by an array of beamlets in parallel, allowing the entire specimen to be 

illuminated much more quickly than in CLSM (9, 13, 14). The light coming from the sample 

passes back through the array of pinholes and is recorded on a CCD (9), and the out of focus 

light is blocked—just like in CLSM. 

Each type of confocal microscopy has its own set of tradeoffs. In CLSM the resolution is 

slightly better, the rejection of out of focus light is better (for thick samples), and the power 

density achievable is substantially higher than in SDCM. However, in CLSM the frame rates 

tend to be slow because the beam has to be raster scanned across the sample, and the 

fluorescence is recorded in serial—point-by-point (12). On the other hand, SDCM can achieve 

frame rates on the order of hundreds frames per second (fps), because the beamlets are scanned 

and the image is recorded all in parallel across the sample (13).   
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Figure 4.6 (top)Figure showing a typical epi-fluorescence emission path.  Rays radiate from a 

focal plane (FP), where they pass through an objective lens (O) and are focused onto a detector 

by a tube lens (T).  Observe how the light originating from the focal plane conjugate with the 

detector (green) are brought into focus, but how light originating from other focal planes (red) 

reach the detector.(bottom): In order to block out of focus light, a pinhole is placed in front of the 

detector.  This prevents out of focus light from reaching the detector, which increases the 

contrast by reducing background fluorescence.   

 

 This feature is particularly attractive for studying live specimens because the fast frame rates 

allow rapid cellular dynamics to be captured, and the lower power densities reduce photoxicity. 

Despite being slower and more phototoxic, CLSM is still commonly used because it typically 

features a single adjustable pinhole which renders it compatible larger set of objectives, 

wavelengths, and specimens than SDCM (15, 16). A CLSM setup can image specimens of an 

arbitrary thickness, because there is only one pinhole, and there is no need to worry about 
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neighboring pinholes interacting which occurs in SCDM (9). In contrast, SDCM discs tend to 

have a fixed pinhole size and spacing which limits their use to a narrow range of objectives, 

sample thicknesses. CLSMs also have much higher transmission efficiencies of the excitation 

light compared to SDCMs because the pinhole is placed at the detection plane and the 

illumination does not pass through the pinhole. On the other hand, SDCMs tend to have low 

transmission efficiencies because the excitation light passes through an array of pinholes which 

reduces the transmission to ~1-4%. One can overcome this by using a more powerful laser to 

achieve the desired power densities the sample, or one can improve the transmission efficiency 

by utilizing a two disc system pioneered by the Yokogawa Corporation (17). In the two-disc 

system, the transmission efficiency is improved by using a first disc containing a micro lens 

array that focuses the illumination light through the pinhole array of the second disc, for an 

excitation transmission efficiency of >50%. One drawback of this two disc system is that the 

dichroic beamsplitter must be inserted in the narrow space between the microlens array disc and 

the pinhole array disc. The details concerning transmission efficiency, pinhole spacing, and 

pinhole size as they relate to SDCM are covered in more detail below. Although slits can be used 

rather than pinholes with a gain in transmission efficiency while sacrificing z-resolution, the 

discussion here will be limited to pinholes (18). This is because the disc we designed utilizes 

pinholes rather than slits due to improved axial sectioning capability compared to slits (19).  

4.3.2 Principles of SDCM 

As alluded to in the previous section, transmission efficiency, pinhole spacing, and pinhole 

size are all intertwined—determining the types of samples that can be imaged and the overall 

performance of the disc. 
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Fill Factor and Transmission Efficiency 

 Among the most important parameters concerning SDCM is the transmission efficiency 

of incident laser light on the disc. The transmission efficiency along with the laser determines 

how intensely the specimen can be illuminated, and a well-illuminated specimen that is also 

labeled well will emit bright fluorescence which can be captured on a detector with short 

integration times. If the transmission efficiency is low, then it is necessary to acquire images at 

low frame rates, on par with CLSM. Therefore, in some sense, it is the goal of SDCM to 

maximize transmission efficiency while continuing to block fluorescence originating outside the 

focal plane. The transmission efficiency is given by the ratio of the diameter of the individual 

pinholes (D), to the spacing between the pinholes (S). 

𝑇 = (
𝐷

𝑆
)      Eq. 4.6 

By inspection one can see that at the limit of a large pinhole or very narrow spacing, the 

transmission efficiency can be increased. However as the pinhole grows or the spacing shrinks, 

the benefits of background rejection and improved resolution are lost as discussed below (18).  

Selection of an optimal pinhole size: 

The wavelength of light, the NA of the objective lens, and the size of the pinhole 

determines the PSF size, and therefore the maximum resolution of the optical system. Ideally the 

pinhole size is chosen to match the size of the PSF given a particular wavelength and NA. In 

fact, most CLSM feature adjustable pinhole sizes which is one reason they exhibit slightly 

improved resolution compared to SDCMs. However in SDCM’s the pinhole has a fixed size, 

which typically is 40 or 50 μm. This pinhole sizing is well-matched with typical 60x and 100x 



127 

 

high NA immersion objective lenses and wavelengths spanning the visible spectrum (405 nm – 

650 nm), while affording an acceptable compromise in background rejection and resolution.  The 

optimal pinhole size Dopt for a SDCM that achieves this goal is given by (18) 

𝐷𝑜𝑝𝑡 =
0.5 𝑀 𝜆

𝑁𝐴
      Eq. 4.7 

where M is the magnification of the objective lens, λ is the wavelength, and NA is the numerical 

aperture of the objective lens. When D is optimal, the resolution is maximized because the 

objective’s back focal plane gets filled by light diffracting through the pinhole. If the pinhole is 

very large, then the diffraction pattern will not exhibit the desired high frequency components at 

the back focal plane—resulting in a larger spot at the sample plane. On the other hand, if the 

pinhole is very small, then the transmission efficiency decreases rapidly, with minimal gain in 

resolution. On the illumination side, an overly small pinhole is not desirable because it allows 

less light the reach the specimen resulting in less fluorescence. And on the detection side, a small 

pinhole rejects more of the signal than necessary—degrading the signal to noise ratio at the 

detector. Therefore the pinhole size needs to be carefully considered depending on the needs of 

the end user (18).  

The best-case possible axial resolution for a given pinhole size is given by (18): 

𝑑 = 𝐾
 𝜆

[1−√1−(
𝑁𝐴

𝑛
)

2
 ]

     Eq. 4.8 

where λ is the wavelength n is the index of refraction, NA is the numerical aperture of the lens, 

and K is a scalar correction factor (for a pinhole K = 0.67). Importantly, this equation is a 

limiting case because it does not include the fact that out of focus light may pass through 

neighboring pinholes when the sample is thick and the background is high. This best-case can be 

observed by scanning the focal plane and obtaining image stacks of fluorescent beads, and 
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measuring the axial PSF size. However, in practice thick samples can lead to pinhole crosstalk 

and cause artifacts in the image. Therefore it is important to select a pinhole spacing that is well 

matched to a typical specimen’s thickness, so that the specimen is as clearly resolved as 

possible(18). 

4.3.3 Home-Built SDCM Characterization 

My final project in the lab was to characterize a homebuilt confocal microscope, with a 

custom spinning disc design. The microscope is divided into two modules. The beam 

combination module and the confocal module.  In the beam combination module, two lenses are 

placed in front of each laser line (647 nm, 561 nm, 488 nm, 405 nm, and 750 nm) in order to 

collimate and make all the beams the same size. Each laser line bounces off of two mirrors, 

which are used to align each beam independently, so that they are all co-linear as they enter the 

acousto-optic modulator (AOM). A dichroic mirror is placed where each beam combines, and it 

is selected to transmit the combined beam, and to reflect the next laser line into the illumination 

path—combining each of the beams. The 405 nm and 750 nm lasers do not pass through the 

AOM because the model used in this setup only works for 488 nm – 647 nm light The light 

leaving the beam combination module is all co-linear, equally sized, and collimated.  The 

combined beams then enter the confocal module, where a pair of lenses are used to expand beam 

to fill the objective’s back focal plane. A dichroic mirror is inserted in between these two lenses 

in order to allow the emitted light to reach the camera, while reflecting the excitation light. After 

the beam is expanded, it is incident upon the disc which is placed conjugate to the focal plane. 

When the light strikes the disc, it diffracts and enters the side port of the microscope where the 

tube and objective lens focus the light on the specimen. 
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Figure 4.7 The microscope design is composed of two modules.  The beam combination module 

(top) and the confocal module (bottom).  The beam combination module utilizes pairs of lenses to 

collimate and shape each of the laser beams and an AOM to control how much power goes into 

the confocal module.  A series of dichroic mirrors (DMs) are used to combine each wavelength of 

light be allowing more red light to pass, while reflecting a shorter wavelength beam to be co-linear 

with the red light passing through the filter. The 750 nm laser is an exception to this, and it is setup 

in a reverse pass configuration since it is a longer wavelength than 405 nm. In the confocal module, 

the collimated beam is expanded by a pair of lenses where it is incident upon confocal spinning 

disc.  The light then enters the side port of the microscope where it is focused on the specimen.  

The image is then relayed through an emission filter to remove any of the excitation light and 

focused onto a camera. 
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4.3.4 Disc Design 

Most commercial confocal spinning disc units cost between $50 and $100 thousand dollars. 

In part because of mechanical complexity required to have a pair perfectly synchronized 

spinning discs. The first disc has a microlens array, which focuses light down onto a second 

confocal disc in order to improve transmission efficiency. Our design utilizes a single glass disc 

which can be easily printed from a computer assisted design file, and mounted on a hard drive 

enclosure motor to make it spin. The hard drive enclosure is has a small window machined into 

the corner for the laser to illuminate the disc. Since our microscope is already equipped with 

powerful lasers (200-2000 mW across five laser lines, 405nm, 488nm, 561nm, 647nm, 750nm), 

we can combat the poor transmission efficiency of a single disc, by just using a powerful laser 

beam. 

We wanted to investigate the effect of pinhole size and wavelength, so the disc I 

characterized was printed with a few different sectors, each containing different sized pinholes 

spaced at the 5 times pinhole’s diameter. The pinholes are arranged on the disc in a spiral of 

constant pitch (Archimedean Spiral) in order to reduce striping artifacts that can occur if the disc 

is not perfectly centered on its axis of rotation.  

4.3.5  Measurement of Confocal PSF Size 

The confocal PSF is the principle determinant of image quality. Therefore it is important to 

characterize and measure the microscope’s PSF. This was done by diluting 100-nm Tetraspeck 

beads in ethanol, and drying a droplet of the solution on a #1.5 coverslip. The beads were imaged 

on the microscope in 3D by scanning the focal plane through the sample in steps of 50-100 nm.  

The beads were segmented out of the images by gradient based segmentation. Then beads with 
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overlapping PSFs, and excessively large/bright beads were filtered out of the data. This was done 

because overlapping PSFs hinder Gaussian fitting because light coming from neighboring beads 

contaminates the signal. The remaining beads were fit with 3-dimensional Gaussian functions in 

order to model the PSF as Gaussian according this equation: 

𝐺(𝑥, 𝑦, 𝑧) = 𝐴 𝐸𝑥𝑝 [−
(𝑥−𝜇𝑥)2

(2𝜎𝑥)
−

(𝑦−𝜇𝑦)2

(2𝜎𝑦)
−

(𝑧−𝜇𝑧)2

(2𝜎𝑧)
]   Eq. 4.9 

I measured the beads both with the disc (confocal) and without the disc (epi), and took care to 

measure exactly the same field of beads each time. The image acquisitions were automated, and 

the laser was used at a low enough power that photobleaching did not contribute significantly to 

the results. I obtained bead measurements were for each pinhole size, and 3 different 

wavelengths (647 nm, 561 nm, 488 nm) and I compared the lateral and axial PSF sizes.  

I observed the lateral and axial the sizes of the PSF follow the predicted trend:  that bluer 

wavelengths produce smaller PSFs than redder wavelengths. This holds true for both the EPI and 

the disc PSFs. The effect of the disc can be observed by examining the PSF distributions with the 

disc in place. By inspection, one can see that the disc has a minimal effect on the size of the 

lateral PSF, however it has a significant effect on the size of the axial PSF.  At the small pinhole 

limit (20 μm), the out of focus aberrations are blocked by the pinhole which gives notably 

smaller axial PSFs compared to epi measurements. As the pinhole gets larger, its effect becomes 

less apparent because it is no longer blocking light originating from outside the focal plane, and 

it approaches the limit where no disc is in place. 
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Figure 4.8 Size distribution of bead images with (left) and without the disc (right).  The red, green 

and blue distributions represent the same field of beads imaged with a 647, 561 and 488 nm laser 

respectively.  Once can observe the sizes of the PSFs with no disc (right) decrease as wavelength 

decreases both with and without the disc.  Also, the effect of the pinhole is especially pronounced 

in the axial direction compared to the lateral direction.   

4.3.6 Future Outlook 

This disc is notable because of how inexpensively an existing microscope setup can be 

modified to include SDCM.  Many epi fluorescence microscopes already utilize CCDs as 

detectors, and have a sufficiently powerful laser source that can be used for illumination.  We 

have shown that by using a printed disc and hard drive enclosure, one can create a confocal 

spinning disc for about $1000 USD, with high quality PSFs. Furthermore, the printability and 

low price make it possible to customize the disc according to the user’s need which is not 

possible with commercial units. 



133 

 

The main drawback of the disc is its low transmission efficiency (1%-4%).  This hinders 

imaging both on the detection and emission pathways, and reduces the frame rates one can 

operate at.  Compared to commercial versions, the printable disc has a slow framerate, and is less 

suited for imaging fast cellular dynamics. Therefore, if an investigator desires blazing fast frame 

rates, I would recommend they purchase a commercial unit.  However, if they desire to 

incorporate confocal imaging on a microscope which already has a laser and CCD this 

homemade disc is an ideal solution.    

The homemade disc allows the researcher to easily exploit confocal optical sectioning to 

obtain 3D images, while minimally modifying their existing setup. Before now, previous options 

were either to buy an expensive commercial spinning disc unit, or to purchase scanning mirrors 

and a PMT to build a CLSM. It is my hope this disc design hits the sweet spot by appealing to 

researchers who want a versatile, inexpensive confocal imaging system that can operate at frame 

rates on par with CLSM.  
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