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Abstract 
 

The Science and Art of Super-Resolution Microscopy 
 

Margaret Hauser 
Doctor of Philosophy in Chemistry 
University of California, Berkeley 

Professor Ke Xu, Chair 
 
It was the great and mythical Sherlock Holmes who famously said, “It has long been an axiom 
of mine that the little things are infinitely the most important”. Though we cannot see down 
to the molecular scale by eye, these fundamental building blocks of life and chemistry are of 
enormous interest to researchers and laypeople alike. Light microscopes constitute the 
oldest and most versatile tools to see what the human eye cannot; even so, the size of the 
smallest objects observable with such instruments was constrained to a “diffraction limit” 
by physical laws relating to the wave-nature of light. At first glance, attempting to circumvent 
the diffraction limit of light to improve the resolution of optical microscopes would seem an 
ill-advised endeavor, like trying to invent a perpetual motion device or time travel machine 
- fundamentally doomed by the laws of nature. Nonetheless, groundbreaking work that 
would have galvanized the likes of Mr. Holmes has recently transformed light microscopy 
into fluorescence nanoscopy, with orders of magnitude improved resolution over its 
technological predecessor. This nascent field, christened super-resolution microscopy 
(SRM), enables researchers to bring our understanding of physiological and chemical 
processes into much sharper focus. 
 
In the brief timespan since the invention of super-resolution techniques, remarkable 
advances involving them have been achieved: from improvements in methodological 
capabilities to nanoscopic discoveries within biological and non-biological systems. The 
work in this dissertation represents my own modest contribution to this burgeoning field. 
The narrative begins with a discussion of the historical and theoretical bases for SRM via 
single-molecule localization approaches. I then detail my part in the characterization and 
successful development of analytical methods that correlate SRM modalities with other 
imaging techniques. These methods include (1) graphene-enabled correlative SRM-SEM and 
(2) a correlative microscopy-spectroscopy technique we have termed spectrally-resolved 
STORM. We demonstrate that our multimodal approaches have substantial capacity for 
revealing a much more detailed and holistic picture of nanoscale features in living systems, 
and furthermore are remarkably facile to implement compared to similar techniques. The 
subsequent study makes use of SRM to study fluorescently-tagged graphene nanoribbons 
and carbon nanotubes with the aim of contributing to their eventual application in novel 
electronic devices. We find that SRM can reveal nanoscale features in complicated bundles 
of these graphenic materials, even in the context of suboptimal photophysical behavior on 
the part of the fluorophore. The remaining chapters are dedicated to my and my 
collaborators’ research into a number of biological systems. We describe the discovery of 
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novel, periodic cytoskeletal nanoarchitectures of various stem cells as they develop into cells 
of the central nervous system. We also discuss the application of SRM to help understand the 
metabolic origins of Huntington’s Disease pathophysiology by quantifying changes in 
mitochondrial size and electron transport chain protein expression. Finally, we chronicle the 
membrane ultrastructure of platelets and their progenitor cells during development, and 
find significant points of disparity in comparison to closely-related erythrocytes. 
 
Altogether, the explorations described in this opus underscore the exciting potential of SRM 
to reveal the formerly invisible and answer the formerly obscure. They furthermore lay the 
foundation for future methodological improvements and scientific discoveries. With such 
extraordinary tools at our disposal, the future of research in all arenas looks bright indeed. 
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For I am sure that neither death nor life, nor angels nor rulers, nor things present nor things to 
come, nor powers, nor height nor depth, nor anything else in all creation, will be able to 
separate us from the love of God. 

- Romans 8:38-39 
 
 
When you go through deep waters, I will be with you. 

- Isaiah 43:2 
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Chapter 1:  Super-Resolution Microscopy Unlocked 
 

1.1  Through the Looking Glass 
 
Beyond the resolution of the human eye lies the world of the microscopic: cells, the 
fundamental living units of all life on Earth, being of perhaps the greatest interest due to their 
complexity, mystery, and intimate relationship to human life. In fact, the average human 
being is composed of about 3.7 x 1013 cells, as well as about the same number of vital 
symbiotic microbes1. Within the cell are specialized compartments called organelles, such as 
the nucleus and mitochondria, which range from hundreds of nanometers to several 
micrometers in width. At an even more fundamental level, biological macromolecules and 
small molecules densely permeate cells, organelles, and the spaces between them; these 
molecules are the agents that collectively carry out the mysterious chemical and electrical 
processes that allow the spirit of life to flow. Microscopes are the tools we clever humans 
have constructed to extend our sight down to the minuscule spatial scales of cells, organelles, 
molecules, and even atoms.  
 
Light microscopy (LM), the earliest incarnation of imaging science, dates back as far as the 
17th century with the advent of the first visible light microscope. Its evolution over the 
intervening centuries has been driven by scientists who wish to observe and measure 
phenomena that were smaller, faster, and deeper inside tissue than ever before. Even the 
famous (albeit fictional) Sherlock Holmes, the very paragon of scientific observation and 
deductive reasoning, made extensive use of the microscope to aid in his forensic escapades. 
Indeed, in his paper “The Art of Forensic Detection and Sherlock Holmes,” Dr. Robert Ing 
himself deduced that when working at the microscale, Holmes would most likely have used  a 
“10 power silver and chrome magnifying glass, a brass tripod base monocular optical 
microscope probably manufactured by Powell & Lealand”2, the most technologically 
sophisticated microscope of the late 19th century (Figure 1A). Still, despite great 
advancements during the one hundred-plus years since the time of Mr. Holmes, the 
resolution of the light microscope had until quite recently been fundamentally limited by the 
inherent wave nature of light3. 
 

http://www.drroberting.com/articles/holmes.pdf
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Figure 1.  (A) A Powell and Lealand No. 1 microscope, dated circa 1892. The most sophisticated 

microscope of its day, this model would likely have been the instrument employed by Sherlock Holmes 

in his forensic studies. (B) A modern light microscope used for advanced research applications, similar 

to the system used for the studies in this dissertation. Images adapted from refs. 4,5. 

 
In LM (alternatively referred to as optical microscopy), visible light rays from each point on 
the object converge to a focal spot, but not one of arbitrarily small size. Diffraction, or the 
phenomenon of waves spreading around a barrier (Figure 2A), and interference of the light 
rays as they are focused (Figure 2B) together result in a blurred focal spot. Most samples 
observed in a microscope are composed of spatially close features, and light passing between 
these features diffracts or spreads outward. In addition to the diffraction phenomenon, 
interference describes the recombination of multiple superimposed wavefronts. The 
purpose of the objective lens, a critical optical component of any microscope, is to focus the 
light to a single focal point in order to ensure constructive interference of the wavefront at 
the image plane (Figure 2B). It is worth noting that the photon energy inherent in a light 
wave is not itself doubled or annihilated when two waves interfere; rather, this energy is 
channeled during diffraction and interference in directions that permit maximum 
constructive interference. Thus, interference and diffraction should be considered as 
phenomena involving the redistribution of light waves and photon energy. 
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Figure 2.  The resolution of LM is limited by the diffraction, or the “spreading out” of the light wave 
when it passes through a small barrier, and interference when the light is focused to a tiny spot. All types 
of waves, including water (A) and light (B), bend outward after passing through a gap when the 
wavelength of the wave and the size of the gap/barrier are similar. Both interference and diffraction, 
which represent different manifestations of the wave-nature of light, are ultimately responsible for 
creating a non-infinitesimal image of the specimen at the intermediate image plane in a microscope. 
Image adapted from ref. 6. 

 
A point emitter, such as a fluorescent protein or single molecule, generates an image at the 
intermediate plane of a microscope that consists of a diffraction pattern created by the action 
of interference. This diffraction pattern is a finite-sized, three-dimensional light intensity 
distribution, and is referred to as the point spread function (PSF). Mathematically, the PSF of 
this point object is described by an Airy distribution function (Figure 3)3:  
 

 
 
Where I(θ) equates to the intensity of the diffraction pattern of a circular aperture; θ is the 
angle of observation, i.e., the angle between the axis of the circular aperture and the line 
between aperture center and observation point; I0 is the maximum intensity of the pattern 
at the Airy disc center; J1 is the Bessel function of the first kind of order one; ξ = (2πρ sinθ)/λ; 
ρ is the radius of the aperture; and λ is the wavelength of light. The image of the specimen at 
the focal plane is thus the convolution of the true object with the PSFs of all point emitters.  
 
The PSF is an essential element of microscopy to grasp because information about the 
precision of the system is inferred from its geometry, which is often measured using a light-

I(θ) = I0 ξ

2J1(ξ)
2

(1) 
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emitting bead embedded in a gel that approximates an infinitesimal point object in a 
homogeneous medium. Practically, resolution is defined as the smallest distance between 
two such points (PSFs) at which they can be distinguished as individual emitters. This 
resolution limit is described in various ways mathematically, but the most commonly used 
is known as the Rayleigh criterion7,8, which states that the minimum laterally- and axially-
resolvable distances are, respectively: 
 

Rayleigh Resolutionx,y = 0.61λ/NA 
Rayleigh Resolutionz = 2λη/NA2 

 
Where λ is the wavelength of light employed (for the visible wavelengths used in LM, ~400-
700 nm), and NA is the numerical aperture of the microscope’s objective (~1.4-1.5 for most 
high-resolution systems), which itself depends upon the refractive index, η, of the imaging 
medium and the angle of light incident to the objective. According to the Rayleigh criterion, 
two point sources observed in the microscope are regarded as resolved when the principal 
diffraction maximum (the central spot of the Airy disc; see  Figures 2B and 3B) from one of 
the point sources lies outside the first minimum (dark region surrounding the central spot) 
of the Airy disc from the other point source. Ultimately, this equation limits the size of 
resolvable nearby fluorescent structures to no less than ~200 nm laterally and ~500 nm 
axially (Figure 3).  
 
Figure 2B visually demonstrates the effect of objective aperture angle on the size of a 
diffraction spot produced in a typical light microscope. The point source emits light, which 
diffracts out from the source and travels through the lens. The center of its image (P) in the 
image plane where wavefronts from points A and B converge and undergo maximal 
constructive interference are illustrated for objectives having large (Figure 2B, left) and 
small (Figure 2B, right) NAs. The point P1, the first diffraction minimum (i.e., the point of 
maximal destructive interference), is a much further distance from P in the case of the lower 
resolution NA objective, when compared to the higher resolution NA lens. Because the drop 
in intensity is gradual along the lateral plane of the spot, two point sources closer together 
than the size of the spot will appear to be a single, larger spot and are therefore unresolved. 
 
Fluorescence microscopy (FM) constitutes an especially versatile type of LM for experiments 
that require high molecule-specific contrast, live-cell compatibility, and temporal 
resolution9-17. A strategy commonly employed to perform FM, and one exploited to great 
effect in the work described herein, is known as immunofluorescence. In this paradigm, an 
object of interest (say, a particular protein on the mitochondrial outer membrane) is 
targeted by a primary antibody designed to specifically bind the object with high affinity. 
Subsequently, a secondary antibody with a covalently-bound fluorescent emitter is 
introduced, which is itself designed to bind to the primary antibody. In this way, under ideal 
conditions, one can fluorescently tag a target for imaging with high molecular specificity. 
Other methods frequently employed for FM include the use of genetically-encoded 
fluorescent proteins or click chemistries for labeling certain biological and non-biological 
specimens. 
 

(2) 

(3) 

https://www.microscopyu.com/techniques/super-resolution/the-diffraction-barrier-in-optical-microscopy#figure2
https://www.microscopyu.com/techniques/super-resolution/the-diffraction-barrier-in-optical-microscopy#figure1
https://www.microscopyu.com/techniques/super-resolution/the-diffraction-barrier-in-optical-microscopy#figure1
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These fluorescent tags are designed to exhibit desirable photophysical properties, such as 
high quantum efficiency and resistance to photobleaching. Such characteristics contribute to 
the ultimate resolution of the final image, but only up to a point (see Rayleigh criterion 
above). Other properties of the fluorophore, such as blinking behavior, can confer additional, 
extremely useful benefits. This latter point will become quite clear in the section to follow. 
 

 
Figure 3.  Resolution limit of LM. (A) Schematic of an objective lens from a wide-field microscope and 
the PSF it collects as viewed in the xz plane. Barring optical aberrations, resolution is isotropic within 
the lateral plane, but anisotropic between the lateral plane and z-axis, the axis defined by the direction 
of propagation of light. (B) 2D PSFs that are far enough apart to be resolved, too close to be resolved, 
and right at the Rayleigh limit of resolution. Upper-left insets are the 2D projections of the larger PSFs. 
Note: the z-axis in (B) represents the intensity of light, rather than the axial dimension as in (A). Image 
adapted from refs. 3,18. 

 
Despite the diffraction-limited spatial resolution, traditional FM has been instrumental to 
the study of the size, shape, spatial relationships, and dynamics of cells and organelles, as 
well as those of larger protein complexes and even non-biological materials systems. Indeed, 
numerous Nobel Prizes in physiology or medicine, chemistry, and physics have been 
awarded for breakthrough innovations in LM or for major discoveries that depended on data 
obtained via LM. Additionally, other forms of microscopy have been invented with resolving 
power far greater than LM/FM, and often with other advantages. These other modalities 
include various forms of electron microscopies (EM), force microscopies, X-ray 
microscopies, spectroscopies, and many others. However, most of these lack some of the key 
attractive features of LM and FM, such as compatibility with live cells and molecular 
specificity. Fortunately, around the turn of the millennium, a number of groups almost 
simultaneously discovered that the resolution limit imposed by the law of diffraction can be 
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exceeded by taking advantage of “loopholes” in the law that underscore the fact that the 
limitations are true only under certain assumptions. This realization and subsequent 
technological innovations resulted in sub-diffraction imaging instruments (Figure 1B), 
forevermore revolutionizing and revivifying the field of microscopy19,20.  
 

1.2  Single-Molecule Localization Microscopy 
 
“Pay attention to the gap -- the gap between two thoughts, the brief, silent space between words 
in a conversation, between the notes of a piano or flute, or the gap between the in-breath and 
the out-breath.” 
– Eckhart Tolle, from "Stillness Speaks" 
 
The past decade has now seen remarkable advances in the complexity and resolving power 
of such sub-diffraction limit imaging methods, collectively known as super-resolution 
microscopy (SRM)21-29. The explosion in research has resulted in a veritable alphabet soup 
of different SRM techniques available today. Far-field SRM methods are generally divided 
into two categories: one overcomes the diffraction limit by engineering the illumination 
patterns to effectively reduce the size of the point-spread function. Methods in this category 
include stimulated emission depletion (STED) microscopy30,31, ground state depletion (GSD) 
microscopy32,33, and [saturated] structured-illumination microscopy ([S]SIM)/saturated 
patterned excitation microscopy (SPEM)34-36. The second category achieves super-
resolution through locating single molecules that undergo stochastic fluorescence 
photoswitching. This approach was introduced as stochastic optical reconstruction 
microscopy (STORM)37, photoactivated localization microscopy (PALM)38, and fluorescence 
photo-activation localization microscopy (FPALM)39. Variants are given many different 
names, including PALMIRA (PALM with independently running acquisition)40,41, dSTORM 
(direct STORM)42, and GSDIM (ground state depletion followed by single molecule return)43. 
In a related approach called PAINT (points accumulation for imaging in nanoscale 
topography)44, the reversible binding of fluorescent molecules to targets is used to achieve 
single-molecule localization and SRM. Earlier near-field approaches, in particular near-field 
scanning optical microscopy (NSOM)45,46, also break the diffraction limit of resolution, but 
their application is essentially limited to sample surfaces. 
 
In particular, the developments in the second broad category based on locating single 
molecules, collectively named single-molecule localization microscopy (SMLM), have led to 
both remarkable enhancements in imaging capabilities, as well as fundamental 
discoveries37-39,42,43,47. Within SMLM is an especially powerful experimental and 
computational approach known as stochastic optical reconstruction microscopy (STORM)37, 
on which the majority of the discussion in this dissertation will focus. STORM and related 
SMLM techniques, which have revolutionized the field of FM, rely on two key features: (1) 
the mathematical and computational process of single-molecule localization and (2) the 
physical and chemical process of probabilistic photoswitching of fluorescent molecules.  
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The first attribute exploits the fact that the PSF of a spatially isolated fluorophore, while 
technically an Airy disc of photons (see Equation 1 above), can be well-approximated by a 
2D-Gaussian function48-51: 
 

 
 
Here, approximation by a Gaussian distribution is necessary due the computationally 
intractable nature of Airy distribution-fitting, although other non-Gaussian functions can 
also be used48-51. The center of this best-fit curve is the estimate for the true location of the 
fluorophore, and one’s certainty of this true location can be estimated from the standard 
deviation of the curve and the number of photons collected. Because each photon acts as an 
independent reporter of the probe’s location, more photons yields a higher certitude of the 
calculated location. Thus, provided sufficient photons, one may theoretically find the location 
of a single, isolated fluorescent molecule with almost arbitrary accuracy (Figure 4)49,50. A 
more realistic formula for the standard error of the true PSF in two dimensions that accounts 
for additional sources of noise is given by49:  
 

 
 
Where σx,y is the error in localization, s is the standard deviation of the PSF, N is the number 
of photons collected (typically several thousands of photons per localization event in a 
STORM-type experiment), a is the size of the pixel (~160 nm x 160 nm for an EMCCD 
camera), and b is the background noise. The first term on the right-hand side of the equation 
represents the photon noise, as given by the common statistical formula for the standard 
error on the mean. The second term is the pixel noise, or the increase in error due to the 
finite size a of the pixels in the image; pixelation noise arises from the uncertainty of where 
the photon arrived in the pixel. The third term refers to the background noise; common 
sources of background noise include readout error, dark current noise, extraneous 
fluorescence in the microscope (caused, for example, by dust), and cellular autofluorescence.  
 
Still, the experimentally determined localization precision is substantially worse (typically 
by twofold) than even theoretical values predicted from Equation 5. Additional variables 
limiting the actual localization precision include nonuniformity of the camera pixels52, 
mechanical instability of the instrument, errors in data analysis, and any other imperfections 
of the imaging and analysis systems. In addition, the resolvability for actual structures is 
affected by how faithfully the labels represent the structures of interest. Any non-
infinitesimal label, such as antibodies (~10 nm in size) and fluorescent proteins (~4 nm in 
size), will significantly affect the image resolution when the desired resolution is comparable 
to the label size47. 
 
We here note that in the literature, both standard deviation (s) and FWHM have been used 
to assess the optical resolution for localization-based super-resolution imaging methods, 

1
2πσxσy
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which can lead to confusion in the comparison of different measurements. For Gaussian 
distributions, FWHM = 2√(2log2)s ≈ 2.35s. In this body of work, I will use the FWHM value 
when discussing resolution, as it corresponds to the smallest separation between two probes 
that can be resolved, and is therefore a better representation of the imaging precision. 
 
 

Figure 4.  Climbing the inselberg: single-molecule localization. (A) Image of the 4D PSF of a single, 
isolated fluorescent molecule. Note that three of the dimensions correspond to the three spatial 
dimensions, while the fourth dimension corresponds to intensity. Darker orange pixel color indicates 
more photons are collected in that pixel. (B) Actual intensity data from a single emitter captured by an 
electron multiplying charge-coupled device (EMCCD) and characterized using a Gaussian fit. Typical 
pixel size: ~160 x 160 nm. (C) The center of the fitted curve constitutes a statistical estimate for the 
actual lateral location of the fluorophore, with sub-diffraction-limited resolution. Certainty about this 
estimate can be described either by the standard deviation (s) of the curve or the FWHM. Note that in 
(B,C), the images are 3D, with two spatial dimension (x,y) and one intensity dimension (represented by 
color and height). Image adapted from ref. 20. 
 
The realization of single-molecule localization alone has had profound implications in 
biophysics research, even before the first SMLM methods were reported. For example, in 
2003, Yildiz et al.50 used video imaging of fluorescent dyes tethered to myosin V to 
demonstrate that myosin V walks along actin filaments in a hand-over-hand motion in 37-
nm steps. The combination of spatial precision (here down to 1.5 nm) and subsecond 
temporal resolution proved critical to settling the debate over the motion of this intensely-
studied protein. The intervening years have seen a tremendous increase in publications 
using single-particle tracking and imaging to study a wide range of biological phenomena. 
The impact of single-molecule fluorescence imaging on biology is reviewed in refs. 42,53. 
While such methods are excellent for investigating the dynamics of sparsely distributed 
molecules, they do not directly translate into a high imaging resolution for densely labeled 
samples. This is because when the separation between adjacent fluorescent molecules is 
smaller than the diffraction limit, the PSFs of these molecules will overlap substantially, 
preventing the precise localization of the individual molecules. Biological environments are 
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complex and densely crowded, and techniques to map such terrains must be able to cope 
with this high target density. 
 
Therefore, the second critical component for STORM and analogous SMLM methods relies 
on the stochastic switching of special probes between a bright, fluorescent scintilla and a 
dark, non-fluorescent state. These photoswitchable fluorophores allow for the temporal 
separation of spatially overlapping point emitters: when a small subset of fluorescent 
emitters are effectively enisled, their individual PSFs can be localized as if they were isolated 
single molecules (as in Figure 4). Figure 5 then visually demonstrates how each frame of 
imaging captures a different sparse subset of fluorescent molecules in the “on” state. 
Superimposing many thousands of these frames allows for the reconstruction of images with 
up to ~10-20 nm lateral resolution, a value about 10-20x better than those achieved with 
traditional microscopy methods. 
 

 
Figure 5.  Stochastic, ephemeral photoswitching between a bright and dark state allows fluorescent 
probes to be spatially isolated in time. Over thousands of frames, a high-resolution, pointillist image can 
be reconstructed from the localization of these many single molecules. Scale bar: 500 nm. 

 
In addition to the lateral locations calculated from 2D Gaussian-fitting, one may furthermore 
derive axial localization through a simple form of PSF engineering that encodes z information 
into the PSF geometry. This is achieved with the placement of a weak cylindrical lens in the 
imaging path to create two slightly different focal planes for the x and y directions54. Such 
astigmatism renders the image of each molecule elliptical; the degree of ellipticity 
corresponds to an axial coordinate with resolution of ~20-50 nm55. While a wide variety of 
additional methods exists to determine super-resolved axial locations47, astigmatism is the 
only approach utilized in this thesis.   
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Another important consideration for single-molecule-based SRM revolves around the 
minimum labeling density of the target being imaged. This requirement for the localization 
density, d, for a given FWHMx,y of a PSF is best characterized by the Nyquist criterion: 
 

 
 
Where d is the localization density and D = 1, 2, or 3 for one-dimensional (1D), 2D, or 3D 
imaging, respectively56. For example, a 2D image illuminated with 650 nm light and 
acquired with objective of NA = 1.45 at 100x magnification requires a labeling density of 
at least 5,300 labels/μm2. Collaterally in SMLM, the ratio of the “on” and “off” switching 
kinetics is a critical experimental parameter to ensure that the Nyquist criterion does not 
conflict with the Rayleigh limit. That is, at most one fluorophore should be “on” in a given 
frame within a diffraction-limited area. This switching rate is readily tuned pro re nata for 
STORM-type imaging by altering concentrations of key reagents in the imaging solution, 
modifying excitation laser intensity, and/or applying weak UV laser light. 
 
The >10-fold improved resolution enabled by STORM and related approaches has now 
yielded fundamental insights into a variety of biological systems, as beautifully exemplified 
by the discovery of the periodic cortical cytoskeleton in neurons (Figure 7)57, the elucidation 
of the molecular organization of chemical synapses in the brain58, the structure of DNA 
telomeres59, and the architecture of the nuclear pore complex60. These examples illuminate 
just a few of the potential insights that can be attained when the spatial resolution of LM is 
extended to the scale of molecules. Overall, SRM approaches have created unprecedented 
possibilities to investigate the structure and function of cells, as well as non-biological 
schemes. As an elegant integration of the spatial and temporal dimensions of single-molecule 
analysis, STORM-type SRM has led to exceptional spatial resolution and exciting scientific 
adventures, something that would have undoubtedly excited and inspired the illustrious and 
ever-curious Sherlock Holmes. 
 
In my own work, I take the reader on an expedition through the brave new world of super-
resolution microscopy. I lead with a detailed overview of correlative SRM, a major thrust of 
my graduate research (Chapter 2). I continue in the succeeding two chapters with two 
specific, novel correlative SRM methodologies: graphene-enabled correlative STORM-SEM 
(Chapter 3) and spectrally-resolved STORM (SR-STORM) (Chapter 4). The next objective of 
this dissertation regards the application of SRM and related imaging modalities to the study 
of inorganic and materials systems. This work explores the nanoscale structures of graphene 
nanoribbons and single-walled carbon nanotubes with SRM (Chapter 5). The third and final 
aim brings to light the ultrastructures of various biological systems, where SRM really shines. 
Primarily, I focus on a beautiful and wholly unique membrane architecture displayed in 
hippocampal neural progenitor cells and glial cells (Chapter 6), as compared with similar but 
still distinct novel structures found in midbrain neurons (Chapter 7). Further discussion of 
the neurogenic niche concerns a project to uncover the cellular and metabolic origins behind 
the pathophysiology of Huntington’s Disease (Chapter 8). I conclude my disquisition by 

2
FWHMx,y

d =
D

(6) 
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moving outside the brain to examine the understudied cells of the hematopoietic lineage. 
This revolves around the nanoscale cytoskeletal structure of platelets and their progenitor 
cells, megakaryocytes, as they relate to the more well-studied erythrocytes (Chapter 9). At 
this point, I ask that you “come on this journey at once if convenient. If inconvenient, come all 
the same”61.  
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Chapter 2:  The Casebook of Correlative SRM 
 
The work in this chapter was conducted in collaboration with Michal Wojcik, Dr. Doory Kim, 
Dr. Morteza Mahmoudi, Dr. Wan Li, and Professor Ke Xu. It is reproduced in part here from 
ref. 62 and with permission from all co-authors and from the publisher. Copyright 2017 
American Chemical Society. 
 

2.1  Introduction 
 
Imagine, for a moment, a child outside playing in the grass. She can see that the blades are 
short, thin, and verdant. She can feel with her hands that they are short, thin, and cool to her 
touch. She can smell that fresh-mown-lawn scent when she puts her face close enough to the 
earth. Altogether, she forms a clear image in her mind of the structure and even composition 
of these living objects by correlating, integrating, and synthesizing the information she 
receives from multiple senses. Scientists, meanwhile, have expanded the array of human 
‘senses’ to probe objects at previously unimaginable scales, notably through microscopy. 
However, just as with the child in the grass, no single type of technique can provide all 
information, or even all structural information, about a (biological) system. 
 
Put it another way, every microscopy technique has its intrinsic limitations. For example, 
while electron microscopy (EM) boasts sub-nanometer resolution, it is generally 
incompatible with live or wet samples, achieves limited molecular specificity, and often 
suffers from a restricted viewing window. In contrast, LM works well with live and wet 
samples across a large range of sample dimensions, and, with FM, achieves excellent 
molecular specificity for multiple targets via the proper tagging of fluorescent labels, e.g., 
encoding of fluorescent proteins (FPs) or immunolabeling of synthetic dyes. Consequently, 
although traditional light microscopy (LM) offers limited (~300 nm) resolution, its 
combination with EM has been highly successful in overcoming the aforementioned limits of 
EM63-67. 
 
More generally, when any two or more microscopy/spectroscopy modalities are 
correlatively combined to probe the same targeted area, either simultaneously or in tandem, 
the strengths of each can often be reinforced, while the drawbacks mitigated. Correlative 
microscopy thus arrives on the scientific scene to attain multi-dimensional, multi-scale, and 
corroborated information about a system regarding morphology, functionality, dynamics, 
cellular context, and chemical composition68-70. 
 
Light microscopy is a pivotal method in correlative microscopy due to its ease of access and 
the above-mentioned benefits. However, the resolution of LM was historically limited to 
about half of the wavelength of light, or ~300 nm, due to diffraction (see Chapter 1.1). The 
significant difference in resolution between LM and high-resolution microscopy methods 
like EM and atomic force microscopy (AFM) produces difficulty in fully utilizing the strengths 
of LM in correlative applications.  
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The past decade has witnessed the rapid rise of SRM, the collective name given to a host of 
emerging FM methods that break the conventional resolution limit by reinventing how 
fluorescence signal is generated, detected, and processed23-29. By achieving resolution down 
to ~10-20 nm, SRM overcomes the standing resolution disparity between LM and EM/AFM, 
and can provide more powerful and meaningful correlation results. From the standpoint of 
SRM itself as an emerging class of techniques, correlation with other advanced microscopic 
and spectroscopic techniques (Figure 6) also helps validate new results, as well as add new 
dimensions of information.  
 
The new opportunities afforded by correlative SRM have hence motivated extensive new 
research. Challenges abound. It is naturally difficult to combine two distinct microscopy 
techniques: sample preparation protocols optimized for one technique may be entirely 
incompatible with the other, and results from the two modalities can be difficult to correlate 
due to differences in contrast mechanism and sample damages during handling steps 
between the two experiments. While these issues are relevant to all correlative approaches, 
they are especially challenging for correlative SRM: as SRM pushes the resolution of LM from 
its traditional limit of ~300 nm to ~10 nm, it also raises the bar for how well structures need 
to be preserved and correlated. In terms of sample preparation, this means new strategies 
that are compatible with both SRM and its correlated methods need to be developed. 
Fluorescent tags must attain a labeling density much higher than that is necessary for 
conventional FM, so that the true structure is not obscured by voids in fluorescence due to 
incomplete labeling at the nanoscale. Moreover, SRM often imposes stringent requirements 
on the photophysics of the fluorescent probes28,71,72, including photoswitchability and 
photostability, and these special properties of the probes need to be preserved during 
sample preparation. For correlating the results, alignment between images obtained by SRM 
and the other methods needs to be achieved to a precision down to ~10 nm; distortions 
beyond this length scale, due to either degradation of sample or imaging artifacts, would 
defeat the very purpose of high-resolution correlative SRM. Other constraints of SRM, 
including the typical requirement of oil-immersion objectives to achieve the highest possible 
numerical aperture (which, in turn, necessitates glass coverslips), low sample background 
fluorescence, and aqueous imaging buffers, further complicate the equation. Overcoming 
these challenges has thus become a major endeavor, for which researchers devised vastly 
diverse strategies and experimental designs: these form the basis of this chapter. 
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Figure 6.  A myriad of different imaging techniques may be combined with SRM to achieve correlative 
SRM. One is only limited by one’s own creativity.  
 

2.2  Correlating SRM with Other LM Techniques 
 
The correlation of SRM with other LM modalities is relatively straightforward. The sample 
preparation processes involved, as well as the nature of the contrast agents used, can often 
be the same, and in some cases the same microscope can be used to carry out both 
experiments. Although SRM provides unmatched optical resolution, at this time it still faces 
a few key limitations that may be complemented by correlating with conventional, 
diffraction-limited LM methods. 
 
To begin with, SRM is relatively low in throughput. Acquisition of a single, high-resolution 
SRM image may take minutes; the use of high-magnification objective lenses further limits 
the imaging window to <~100 μm. It is thus often impractical to plunge into SRM for an 
arbitrary sample without prescreening for areas of interest. To circumvent this, diffraction-
limited conventional FM and bright-field light microscopy are routinely exploited to first 
identify regions of interest with high throughput. For such screening purposes, in addition 
to inspecting the same targets that will be imaged by SRM, it is also common to label 
additional markers in other, non-SRM color channels to highlight particular cells or 
structures of interest. As one example, this strategy was used to help identify dendrites and 
axons in cultured neurons, thus enabling the discovery of contrasting actin ultrastructure in 
the two different neurites with STORM (Figure 7)57. 
 



17 
 

 
Figure 7.  An example of correlating diffraction-limited FM to identify targets for SRM. (A) Diffraction-
limited two-color epifluorescence image of Alexa Fluor 647-phalloidin-labeled actin filaments (green) 
and Alexa Fluor 555-immunolabeled MAP2 (magenta), a marker for dendrites, for a cultured neuron 
sample. (B) 3D-STORM image of actin corresponding to the box in (A), revealing contrasting actin 
ultrastructure in the MAP2-positive dendrite and MAP2-negative axons. (C) Epifluorescence image of 
Alexa Fluor 647-phalloidin-labeled actin filaments (green) and Alexa Fluor 555-immunolabeled NrCAM 
(magenta), a marker for axon initial segments. (D) 3D-STORM image of actin corresponding to the box 
in (C). Color is used to present axial (z) positions in (B,D) according to color bar in (D). Adapted with 
permission from ref. 57. Copyright 2013 AAAS. 

 
In addition to screening for targets, in some cases it is also helpful to correlate conventional 
fluorescence microscopy with SRM for structural information. This is because multicolor 
SRM does entail a new level of difficulty: specialized fluorescent probes and/or additional 
optics are required, and issues like color crosstalk and uneven performance across different 
color channels are not always easily resolved71,73-78. Combining SRM of the more important 
targets with diffraction-limited images of auxiliary targets is thus a simple means to obtain 
multi-color data. Towards this end, neoteric work on correlating confocal microscopy with 
SRM has been fruitful for its general accessibility and improved resolution over 
epifluorescence.  
 
Crossman et al.79, for instance, sequentially combined confocal microscopy of wheat germ 
agglutinin (WGA) with dSTORM of junctophilin (JPH) and the ryanodine receptor (RyR) in 
human cardiac tissue. The confocal images of WGA served as a cell surface marker, 
permitting segmentation of the dSTORM data of JPH and RyR into membrane and non-
membrane regions. This allowed the authors to conclude that JPH and RyR show greater 
colocalization on the plasma membrane. Dudok et al.80 correlated confocal microscopy, 
STORM, and patch-clamp electrophysiology to study the distribution of the CB1 cannabinoid 
receptor protein in cell type-specific interneurons. The authors first performed whole-cell, 
patch-clamp recordings to identify CB1- and cholecystokinin-expressing interneurons in 
brain slices, during which process the cells being recorded were filled with fluorescent 
biocytin. Biocytin consequently served as a tracer to outline the morphology of the neurons 
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in confocal microscopy, allowing for the classification of perisomatic vs. dendritic 
interneurons. Correlated STORM was subsequently performed to reveal differences in CB1 
location and quantity in these two types of interneurons. In a later study, the same research 
group demonstrated sequential multicolor confocal and single-color STORM microscopy on 
fixed heart and kidney tissue sections, and reported an open-source software for correlated 
confocal and SMLM image analysis.81 Vangindertael et al.82 correlated PALM and confocal 
microscopy to study the C. elegans nervous system. Confocal microscopy provided 
anatomical context of neurons in a whole animal, and the correlated PALM-confocal results 
helped map glutamate receptor clusters onto specific neurons. 
 
The inherent trade-off between the spatial and temporal resolutions in SRM creates another 
opportunity for integration with conventional FM. Although fast (~1 s to video-rate) image 
acquisition has been demonstrated for both scanning-based and wide-field SRM 
approaches55,83-86, for typical applications time resolutions of faster than ~10 s are still 
difficult to achieve, especially if high-resolution/high-quality images are desired. This is too 
slow for some of the more dynamic processes in living samples. Correlating live-cell data at 
low spatial resolution but high temporal resolution with SRM images of the same cells after 
fixation therefore offers a useful solution.  
 
Bálint et al.87 used this strategy to study cargo transport dynamics along microtubules. By 
correlating single-particle tracking of cargos in live cells with 3D-STORM images of 
microtubules in the same fixed cells, the authors mapped transport trajectories of lysosomes 
to individual microtubules with high spatiotemporal resolution, consequently enabling a 
mechanistic study of lysosome behavior, including cargo pause lengths and changes in 
moving direction, at microtubule-microtubule intersections. The same research lab further 
developed a microfluidic platform to streamline the sample preparation process between 
live-cell epifluorescence and fixed-cell SRM microscopy88; the microfluidic chips possessed 
parallel imaging chambers and a computer-controlled fluid-injection device to deliver 
different reagents (e.g., fixatives and antibodies) to the imaging chamber at precise times. 
Utilizing this system, they demonstrated the correlation of dynamic mitochondrial behaviors 
with mitochondrial morphology and protein distributions.  

 
Correlative imaging between different super-resolution methods has also been reported. 
Combined application of different variants of SMLM methods, e.g., those based on 
photoswitching FPs vs. photoswitching dyes41 or photoswitching vs. reversible binding of 
fluorescent probes89, is relatively straightforward, as the same optical system can be used. 
Correlation between SIM and SMLM, two dissimilar wide-field SRM approaches, has also 
been reported (Figure 8)90,91. SIM provides ~2x better resolution when compared to 
conventional microscopy, which is lower than that can be achieved by SMLM. However, SIM 
does not require photoswitchable fluorescent probes and is generally characterized by faster 
image acquisition time, and so provides useful correlation with SMLM results. 

 



19 
 

 
Figure 8.  Correlative SIM-SMLM. (A-C) Correlated wide-field (A), SIM (B), and SMLM (C) of HEK293 
cells transfected with claudin3-YFP. (D-H) Multicolor correlative SIM-STORM of U2OS cells. (D-F) SIM 
images of actin (D), microtubules (E), and myosin (F). (G) STORM image of myosin. (H) Merged image. 
(A-C) adapted with permission from ref. 53. Copyright 2013 IOP Publishing. (D-H) adapted with 
permission from ref. 54. Copyright 2014 Optical Society. 

 

2.3  Correlating SRM with EM 
 
2.3.1  The advent of sCLEM 
 
EM, which readily achieves nanometer- and sub-nanometer resolutions, has been the 
historical method of choice for probing ultrastructure in biological samples, i.e., structures 
at scales smaller than the diffraction limit. Scanning electron microscopy (SEM) scans a 
focused electron beam across the sample surface and offers sub-10 nm image resolution for 
structures close to the surface92-94. Transmission electron microscopy (TEM) passes a beam 
of electrons through a thin (<~100 nm), often sectioned sample, and achieves up to sub-



20 
 

nanometer resolution92,95. Electron tomography (ET) achieves 3D tomographs by combining 
information from a tilted series of TEM images96,97. Cryo-EM and cryo-ET operate at 
cryogenic temperatures to bypass sample dehydration, and, along with cryo-fixation, also 
circumvent chemical fixation98-100. While offering exquisite resolution and excellent 
biological context, EM is generally incompatible with live or wet samples due to its high-
vacuum operating conditions, and it provides limited molecular specificity. Electron-dense 
heavy metals are often employed to non-specifically stain lipids or proteins. Although 
immuno-EM (e.g., using antibodies conjugated with colloid gold nanoparticles) provides a 
means to localize specific targets in EM101-104, its application is limited by low labeling 
density and limited multi-target labeling strategies. 
 
LM offers complementary advantages and disadvantages in many ways. As previously noted, 
LM is one of the few methods that works well with live and wet samples. Through the proper 
tagging of fluorescent labels, FM readily enables the observation of specific targets with 
excellent molecular specificity, contrast, and sensitivity. Multi-color FM further enables 
simultaneous visualization of multiple targets to probe interactions. Consequently, although 
historically at much lower resolution (~300 nm), LM has been successfully combined with 
EM to image the same sample and draw on the complementary strengths of the two 
modalities, an approach often referred to as correlative light and electron microscopy 
(CLEM)63-67. 
 
Recent advances in SRM have drastically improved the achievable optical resolution of LM 
to ~10 nm, an exciting new paradigm that approaches the resolution of EM. The closer 
resolution match between SRM and EM thus allows more meaningful correlation with a 
much higher degree of structural detail when compared to previous CLEM efforts. As 
correlative SRM-EM approaches have deep roots in traditional CLEM methods based on 
diffraction-limited LM, in this review we refer to correlative SRM-EM as sCLEM to emphasize 
both the super-resolution nature of the light microscopy employed and the fact that this class 
of techniques are nevertheless a subtype of CLEM methods. 
 
The first implementation of the sCLEM approach was adopted in the original demonstration 
of PALM by Betzig et al.38 Here, the high degree of correlation between TEM and PALM 
results of FP-tagged proteins on cryo-prepared thin sections of fixed cells helped validate 
PALM as an accurate technique for imaging intracellular proteins with sub-diffraction-limit 
resolution. Since then, sCLEM has been extended to virtually all SRM and EM methods and 
sample-processing strategies (Table 1), including cryo-SRM and cryo-EM techniques 
(discussed separately below).  
 
While Table 1 demonstrates remarkable success of sCLEM to date, each effort constitutes a 
serious undertaking that overcomes a multitude of technical difficulties. Before we get into 
detailed discussion of each study, we first briefly outline the major challenges. 
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EM method 
SRM 

method 
Sample processing SRM label 

Nature of 
sample 

Reference 

TEM PALM Cryosectioning dEosFP 
Monkey cell line 

(COS-7) 
Betzig et al.38 

SEM (BSE) 
STED, 
PALM 

High-pressure freezing, resin-
embedding, sectioning 

Citrine (STED), 
Dendra & 

tdEos (PALM) 

C. elegans 
worms 

Watanabe  
et al.105 

FIB-SEM 
(BSE) 

iPALM 
Cryosectioning, 

FIB 
mEos2 

Mouse cell line 
(3T3sw) 

Kopek et al.106 

SEM (BSE) PALM 
Cryosectioning,  
metal coating 

mEos2, PS-
CFP2, caged 

dye 

Mouse cell line 
(3T3sw) 

Kopek et al.107 

Metal-replica 
TEM 

STORM 
Cryosectioning,  

quick-freeze deep-etch, metal 
replica 

Alexa 647 
Mouse and 

human kidney 
tissue 

Suleiman 

et al.108 

Metal-replica 
TEM, ET 

iPALM 
Unroofing, critical point 

drying, metal replica 
psCFP2,  

Alexa 647 
Rat cell line 
(PC12-GR5) 

Sochacki 
et al.109 

SEM (SE) iPALM 
Critical point drying, metal 

coating 
PSCFP2, 

Alexa 647 
Monkey cell line 

(COS-7) 

Van 
Engelenburg 

et al.110 

TEM,  
ET 

dSTORM 
High-pressure freezing, resin 

embedding, sectioning 
Alex 647, SiR 

Mammalian cell 
lines  

(L cells, HeLa) 

Perkovic  
et al.111 

Cryo-ET 
Cryo-
PALM 

Plunge-freezing PA-GFP 
Bacteria 

(M. xanthus) 
Chang et al.112   

SEM (SE) dSTORM 
Critical point drying,  

carbon coating 
Alexa 647 X. laevis oocytes 

Löschberger  

et al.113 

TEM 3D-SIM Resin-embedding, sectioning GFP, DAPI 
Primary mouse 

ependymal 
progenitors 

Al Jord  

et al.114 

TEM,  
SEM (BSE) 

PALM 
High-pressure freezing, resin-

embedding, sectioning 
mEos4a, 
mEos4b 

Mouse cell line 
(3T3) 

Paez-Segala  
et al.115 

TEM SMLM 
High-pressure freezing, resin-

embedding, sectioning 

mGFP, 
mVenus, 
mRuby2 

Human cell line 
(HEK293T) 

Johnson  

et al.116 

TEM,  
SEM (BSE, SE) 

3D & 2D 
STORM 

Critical point drying,  
metal coating;  

resin-embedding, sectioning 

Alexa 647, 
Alexa 568 

Mammalian  
cell lines  

(BS-C-1, A549),  
influenza virus 

Kim et al.117 

SEM (SE) 
3D & 2D 
STORM 

Graphene encapsulation 
Alexa 647, 

Cy3B, CM-DiI 
Monkey cell line 

(COS-7) 
Wojcik  
et al.118 

Cryo-ET 
Cryo-
PALM 

High-pressure freezing, 
vitreous sectioning 

Dronpa 
Human cell line 

(HEK293) 
Liu et al.119 

Table 1.  Primary research on correlative SRM and EM, listed by publication date. Alexa: Alexa Fluor; 
SE: Secondary-electron mode of SEM; BSE: backscattered-electron mode of SEM. For sample processing, 
standard chemical fixation and EM staining steps are omitted for clarity. 



22 
 

2.3.2  Challenges in sCLEM 
 
As sCLEM offers exceptional opportunities for correlating LM and EM results at the 
nanometer-scale, it also brings the associated challenges and technical difficulties to a new 
level. Most of these challenges and limitations have long existed for CLEM, but are 
exacerbated with SRM as one pursues higher resolution, denser fluorescent labeling, and 
higher signal-to-noise ratios at the nanometer scale and/or the single-molecule level. 
 
Choice of substrate.  A glass coverslip is preferable for SRM, so that index-matching, oil-
immersion, high-numerical aperture objective lenses can be used to collect maximal 
fluorescence signal and achieve the highest possible resolution. However, glass coverslips 
are impermeable to electrons and thus unusable for TEM. As a result, for correlative SRM-
TEM, one needs to either retrieve the sample off the coverslip after SRM imaging to be 
remounted to a TEM grid, which can be difficult, or adhere the sample onto a TEM grid or a 
silicon nitride window first and mount the sample-containing grid/window on a coverslip 
for SRM, which is also challenging as the sample-to-coverslip distance is increased. For SEM, 
common glass coverslips are also unsuitable as the surface is non-conductive and so 
accumulates electric charge under the electron beam, which leads to unstable signal. To 
overcome this issue, samples may be coated with a conductive thin (2~20 nm) layer of 
carbon or metal, or graphene (a single-atom-thick carbon sheet) before SEM. Alternatively, 
the glass substrate may be pre-coated with a conductive yet transparent thin layer of indium 
tin oxide (ITO). 
 
EM-related strong fixation, heavy-metal staining, and resin embedding.  One of the greatest 
challenges faced by sCLEM is to identify sample preparation protocols that allow optimal 
performance of both SRM and EM. It is well-established that critical steps necessary for EM 
sample preparation, including strong chemical fixation (to preserve ultrastructure for the 
later dehydration step), heavy-metal staining (to enhance sample contrast), and resin 
embedding (for sample sectioning), substantially quench fluorescence and may lead to 
strong background autofluorescence105,120,121. As strong fluorescence signal and low 
background are essential to the performance of SRM, these challenges need to be addressed 
carefully before useful results can be obtained. Moreover, the EM sample preparation 
processes may also alter the photoswitching capability and other photophysical and/or 
photochemical parameters of the fluorophore that are uniquely critical to SRM 
performance28,71,72. Simply bypassing these harsh sample treatment steps leads to poor EM 
results. One strategy used in sequential sCLEM is to avoid any sample processing steps that 
are detrimental to fluorescence prior to SRM imaging, and apply them after SRM is 
completed. When this is impossible, e.g., for resin-embedded samples that have to be fixed, 
stained, embedded and sectioned before SRM can be ever performed, careful optimization of 
the preparatory protocol is critical to find a compromise where acceptable results can be 
obtained for both modalities. This compromise, however, often involves the use of fixatives 
and stains that are at substantially lower concentrations than standard EM protocols, as well 
as the use of hydrophilic resins that are less optimal for sectioning, and so may lead to 
substandard EM results. The recent discovery of new photoactivatable FPs (PA-FPs) that are 
more resistant to EM sample preparation processes, as well as the finding that synthetic dyes 
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are more tolerant than FPs in these processes open up new possibilities to overcome these 
challenges. 
 
Sample dehydration.  SRM imaging is typically performed on fully hydrated samples. In 
contrast, sample dehydration is often necessary for EM due to the incompatibility of high-
vacuum operating condition with hydrated samples. In sequential sCLEM, this difficulty can 
be overcome by performing sample dehydration and EM after SRM. In resin-embedded 
samples, however, where dehydration needs to be performed before embedding, it is often 
helpful to incorporate a small amount of water into the embedding resin to retain 
fluorescence. For both cases, special care is needed in dehydration as structural changes may 
readily occur and would thus preclude meaningful correlation between SRM and EM results. 
Uncontrolled dehydration, e.g., drying in air or direct replacement of water with organic 
solvents, leads to major sample distortion. Most sCLEM studies have thus adapted 
meticulous, two-step dehydration-drying or dehydration-embedding processes and 
typically work with strongly fixed samples. The first step is usually the displacement of water 
by organic solvents through a graded series of organic solvent-water solutions for samples 
at room temperature, or via freeze substitution for frozen samples. This dehydration step is 
essential for the second step of CO2 critical point drying, hexamethyldisilazane drying, or the 
infiltration of resins for embedding: none of these procedures are compatible with aqueous 
samples. Alternatively, quick freeze-deep etch can be used to sublime vitreous ice in vacuum 
and expose the surface layer for the molding of a metal replica. Meanwhile, recent studies 
have shown that the dehydration process can be bypassed altogether for certain samples 
through graphene encasing and cryo-EM. 
 
Alignment of SRM and EM images.  It is often highly challenging to align/overlay SRM and EM 
results due to their very different contrast mechanisms. To begin with, during data 
collection, it may already be difficult to locate the same region to carry out the two 
microscopy modalities. To this end, gridded substrates or scratches on the substrate may be 
used to help locate the same area, while low-magnification zoomed-out light microscopy 
images can help provide an overview of the context of the region of interest. Actual alignment 
of the SRM and EM images may be achieved based on the images per se if identical structures 
are visualized in both modalities, or if the relative positions of the structures visualized by 
the two modalities are well-defined113. Alternatively, immobilized fiducial markers that 
exhibit good contrast in both EM and FM (e.g., photoluminescent gold nanoparticles) may be 
used for image alignment105-107,110. Achieving good alignment can be challenging for both 
scenarios: sample deformation may occur during the sample processing steps between SRM 
and EM, and fiducial markers may also move between imaging steps. Protocols thus need to 
be optimized to achieve high-precision registration with residual errors of smaller than or 
comparable to the ~10 nm resolution of SRM. 
 

2.3.3  Unsectioned samples 
 
Unsectioned, whole-mount samples work well for EM if the sample is thin (for TEM) or if the 
structures of interest are close to the sample surface (for SEM). Working with unsectioned, 
whole-mount samples has the advantage of relatively straightforward sample preparation, 
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avoiding embedding and sectioning processes that could compromise fluorescence. For 
correlation with SRM, working with whole-mount samples also means SRM and EM imaging 
can be carried out sequentially on the same unsectioned sample, so that imaging conditions 
for the two modalities may be separately optimized. However, since multiple sample 
processing steps take place between SRM and EM imaging, significant structural changes of 
the sample can occur during the process, thus affecting the quality of correlation at the 
nanometer-scale resolution achieved by both modalities. Therefore, to produce highly 
correlated images, it is important to minimize distortion of samples between imaging 
modalities through strong fixation and well-designed dehydration procedures. 
 
SEM is an easier choice for targets near or at the sample surface. It offers decent (1-10 nm) 
resolution, higher throughput than TEM, and it may be applied to samples on glass coverslips 
as long as proper conductive coating is applied. The typical strategy110,113,117 for correlating 
SRM and SEM of unsectioned samples (Figure 9A) is to first perform standard sample 
preparation and imaging protocols for SRM on coverglass-mounted samples. After SRM is 
finished, the sample is post-fixed by a high concentration (2-2.5%) of glutaraldehyde, 
followed by further fixation and staining by 1-2% osmium tetroxide. The sample is then 
dehydrated first through a graded series of organic solvents, followed by critical-point 
drying or hexamethyldisilazane treatment. The dried sample is then coated with a ~10 nm 
layer of carbon or metal for improved electrical conductivity, and finally imaged with SEM. 
 
Van Engelenburg et al.110 employed the above strategy to achieve correlative 3D 
interferometric PALM (iPALM)-SEM for the organization of ESCRT components at HIV 
assembly sites, demonstrating that the HIV Gag-FLAG clusters are membrane-enveloped 
particles (Figure 9B), and that co-clusters of HIV Gag-FLAG and PSCFP2-CHMP2A are 
membrane-budding structures resembling virus-like particles (Figure 9C,D). Löschberger et 
al.113 used similar strategies to demonstrate correlated dSTORM-SEM of nuclear pore 
complexes (NPCs) in isolated Xenopus laevis oocyte nuclear envelopes. Due to the sample 
preparation method, SEM imaging was mostly restricted to the nucleoplasmatic side of the 
nuclear envelope (i.e., nuclear baskets). Based on the well-defined structural relationship of 
different NPC proteins to nuclear baskets, the authors successfully correlated their SEM and 
dSTORM results and demonstrated that most NPCs contained eight gp210 protein 
homodimers (Figure 9E-H). Kim et al.117 reported correlated two-color STORM-SEM of A549 
cells infected with filamentous Udorn virus and showed that viral ribonucleoproteins 
(vRNPs) are located at the distal end in the majority of latent viruses (Figure 9I-K). 
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Figure 9.  Correlative SRM-SEM of unsectioned samples. (A) Flowchart of typical procedures. (B) 
Correlative iPALM (left; colored for z) of COS-7 cells expressing HIV Gag-FLAG immunolabeled with 
Alexa Fluor 647 and SEM (middle) of the same area. Overlay data is shown on the right. (C,D) Correlative 
two-color iPALM (C) and SEM (D) of two virus-like particles (white arrowheads) emanating from a cell 
expressing Gag-FLAG (red) and PSCFP2-CHMP2A (green). (E-H) Correlative dSTORM-SEM of nuclear 
pore complexes. (E) dSTORM image of the integral membrane protein gp210 immunolabeled by Alexa 
Fluor 647. (F) Corresponding SEM image of the nucleoplasmatic side of the nuclear envelope, visualizing 
nuclear baskets. (G) Overlaid image. (H) is a zoom-in of (G). (I-K) Correlative two-color STORM (I) and 
SEM (J) images of budding Udorn virus filaments immuno-labeled for M1 (labeled by Alexa Fluor 647; 
red) and vRNP (labeled by Alexa Fluor 568; green). (K) Overlaid image. (B-D) adapted with permission 
from ref. 74. Copyright 2014 AAAS. (E-H) adapted with permission from ref. 77. Copyright 2014 The 
Company of Biologists. (I-K) adapted with permission from ref. 81. Copyright 2015 PLOS. 

 
To bypass the traditional, time-consuming and error-prone EM preparation steps, we 
developed a facile method for direct SEM of wet cells118. Adherent mammalian cells on a glass 
coverslip are covered with graphene, a single-atom-thick meshwork of bonded carbon atoms 
(one single sheet of graphite)122. As the ultimate limit of membrane thinness, graphene is 
transparent to electrons and light but at the same time impermeable to gas and liquid123-126, 
electrically conductive, and chemically inert. Encasing wet samples with graphene thus 
enabled direct SEM in the hydrated state without the need of sample dehydration or 
additional conductive coatings, thus substantially simplifying sample preparation and 
allowing for facile correlation with STORM. Elimination of the dehydration step also relaxed 
requirements of sample fixation and staining, and we demonstrated correlated STORM-
graphene SEM on unstained cells that were only weakly fixed with 4% paraformaldehyde 
(see, for example, Figure 22). Enhanced contrast was obtained when a uranyl acetate stain 
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was applied, and correlated STORM-graphene SEM was demonstrated for cytoskeletal actin 
filaments (Figures 18-20) and MT (Figures 20 and 21). 
 
Correlation of SRM with TEM of unsectioned samples is more technically challenging. The 
specimen needs to be thin enough to allow transmission of electrons, precluding the use of 
regular glass coverslips. Sample size is limited by the size of the TEM grid (~3 mm). In return 
for these tradeoffs, TEM provides the advantage of higher resolution. Kim et al.117 combined 
STORM with TEM of unsectioned cells on commercial silicon nitride support films (SiN 
windows), which are transparent to both light and electron beams. STORM imaging was 
again performed prior to sample preparation for EM, but here the immunolabeled sample on 
the SiN windows was flipped over, sandwiched between two coverslips, and imaged from 
the top side rather than through the SiN windows. Since in this geometry the sample was 
relatively far away from the coverslip, spherical aberration due to difference in index of 
refraction between glass and the imaging buffer becomes a concern. To overcome this 
problem, an index-matching imaging medium containing 60% sucrose and 5% glucose 
(refractive index ~1.45)127 was employed to attain fluorescence intensity ~80% of that 
when the sample is directly mounted on the coverslip. After STORM imaging, the sample was 
post-fixed with uranyl acetate, dehydrated via a graded ethanol series, and dried through 
critical point drying or hexamethyldisilazane treatment, before being imaged by TEM. Good 
STORM-TEM correlation results were thus obtained for microtubule and MT in whole-mount 
BS-C-1 cells. 
 

2.3.4  Cryo-sectioned samples 
 
Cryo-sectioning provides a way to probe thicker samples. Although an extra step of 
sectioning is performed before SRM, this sectioning process does not involve resin 
embedding, strong sample fixation, or dehydration procedures that can quench fluorescence 
or introduce autofluorescence background. Thus, in principle, cryo-sectioning does not 
significantly compromise SRM results, and EM-specific sample treatments, such as 
dehydration, negative staining and metal/carbon coating, can be performed after SRM.  
 
For sCLEM, cryo-sectioning usually adopts the Tokuyasu method, a technique originally 
developed for improved immuno-gold labeling128, but one that has also been extensively 
employed in CLEM65,66. The sample is typically first chemically fixed with paraformaldehyde 
and/or glutaraldehyde –a higher concentration of glutaraldehyde is helpful for the 
preservation of ultrastructure but may mask epitopes if immunolabeling needs to be 
performed later. Afterwards, the sample is infiltrated with sucrose, which acts as a cryo-
protectant to prevent ice crystal formation when the sample is frozen. The cryoprotected 
sample is mounted on a metal pin and frozen by immersion in liquid nitrogen. The sample is 
then cut into ultrathin (<1 µm) sections in the frozen state, and brought back to room 
temperature for (optional) immunolabeling and SRM. After SRM, the sections are stained for 
EM contrast with uranyl acetate and/or osmium tetroxide and potassium ferrocyanide, 
dried, and optionally coated with carbon or platinum for EM. 
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Utilizing such strategies, Betzig et al.38 reported the first sCLEM results in their initial PALM 
study. With PALM the authors imaged dEosFP-tagged cytochrome-C oxidase import 
sequence expressed in COS-7 cells, and through correlation with TEM showed that these 
matrix reporter molecules extended up to, but not into, the ~20-nm outer mitochondrial 
membrane, thus validating the PALM results. Kopek et al.107 reported correlative PALM-SEM 
on Tokuyasu cryo-sections using FPs and caged dyes, and reported correlated images of 
mitochondrial nucleoids, peroxisomes, nuclear lamina proteins, and actin. Since the same 
glass coverslip was used as the substrate for PALM and SEM imaging, they coated the 
coverslip surface with conductive ITO to help remove charging in SEM.  
 
In a different study, Kopek et al.106 correlated 3D iPALM with focused ion beam (FIB)-SEM 
on Tokuyasu cryo-sections. While iPALM and FIB-SEM are both substantially more 
challenging when compared to conventional 2D PALM and SEM, they offer outstanding 3D 
information of the sample. Cryosections were similarly produced and mounted on glass 
coverslip for SRM. Afterwards, the sample was coated with cyanoacrylate and 
methylcellulose to improve sample integrity, and then covered with a thin layer of carbon 
for conductivity. The sample was loaded into a FIB-SEM setup, in which consecutive SEM 
images were taken as FIB milled through the sample to expose structures at different depths 
from the surface, thus permitting the construction of a 3D image. To validate this approach, 
the authors performed iPALM on mEos2-tagged TFAM, a mitochondrial DNA(mtDNA)-
binding protein and thus a marker for mitochondrial nucleoids, and correlated the iPALM 
results with FIB-SEM results, which highlighted both the outer and inner mitochondrial 
membranes. In this case, the alignment in the third (z) dimension was highly challenging: the 
sample shrunk during the dehydration steps after SRM imaging, so that a shrinkage factor of 
~30% had to be taken into account to rescale the FIB-SEM data. The correlated results 
provided valuable information on the topology of mitochondrial nucleoids in relation to the 
inner mitochondrial membranes, in particular nucleoid-crista interactions. 
 
Suleiman et al.108 reported correlative STORM and metal-replica TEM on Tokuyasu cryo-
sections to study the molecular organization of extracellular matrix proteins at the kidney 
glomerular basement membrane. This work will be discussed in further detail in a section 
below on metal-replica TEM. 
 

2.3.5  Resin-embedded samples 
 
Plastic resin embedding constitutes another major technique for EM of thick samples. The 
sample is embedded in a plastic resin through infiltration and polymerization, and then 
sectioned using an ultramicrotome. Here the EM-oriented fixation, staining, and embedding 
procedures need to be performed before sectioning. These procedures are critical for the 
preservation of ultrastructure in EM images, but could significantly deteriorate the quality 
of fluorescence images. The lengthy sample processing time, typically 4-8 days, is also longer 
than the ~1 day processing time for Tokuyasu cryosectioning. However, resin-embedded 
sectioning does offer several marked advantages. As a standard EM technique, it is more 
readily available to researchers, and can better preserve ultrastructural morphology and 
provide higher tissue contrast than cryo-sectioning, where the possible formation of 
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structure-distorting ice crystals is still a concern. Therefore, if a compromise can be found 
between preservation of fluorescence and ultrastructure, sCLEM through resin-embedding 
and sectioning can produce valuable results105,115-117,129-132. 
 
One way to bypass the deterioration of fluorescence in resin-embedded samples is to carry 
out SRM before the EM-oriented fixation, staining, and embedding procedures. Al Jord et 
al.114 adopted this approach to study centriole biogenesis in fixed primary ependymal 
progenitors. 3D-SIM was first carried out for GFP-tagged Cen2 and DAPI-labeled nuclei, and 
the sample was post-fixed and stained for EM, embedded in resin, and then cut into ultrathin 
(70 nm) sections for TEM. A major challenge with this approach is the need to locate and 
align the same region in the SRM image of the unsectioned sample versus TEM results of 
ultrathin sections after heavy processing of the sample. To achieve this, the authors cultured 
the cells on gridded coverslips, and used DAPI-labeled nuclei to align SIM and TEM results. 
This worked well as the resolution of SIM is relatively low (100-150 nm) and so alignment 
only needed to be achieved at comparable precisions. For correlating EM of resin-embedded 
sections with other SRM methods at higher resolution, it appears embedding and sectioning 
should necessarily precede SRM, so that the same sections are imaged by both SRM and EM.  
 
Watanabe et al.105 first demonstrated correlated STED-SEM and PALM-SEM of resin-
embedded sections using FPs. C. elegans worms expressing FP-tagged proteins were cryo-
fixed through high-pressure freezing, and further chemical fixation was performed during 
freeze substitution with acetone. To identify an optimal middle ground where fluorescence 
in SRM and ultrastructure in EM are both adequately preserved, the authors examined 
multiple combinations of fixatives at various concentrations. Aldehyde-based, protein cross-
linking fixatives (paraformaldehyde, glutaraldehyde, and acrolein) led to undesired 
autofluorescence, and cell membranes were not well preserved. Osmium tetroxide, a 
common EM reagent that strongly fixes and stains membrane material by linking 
unsaturated lipids92, provided good preservation for membrane morphology, but quenched 
>90% of the fluorescence even when applied at a low concentration of 0.1%. The authors 
finally identified the best compromise as 0.1% potassium permanganate plus 0.001% 
osmium tetroxide in acetone, which well-preserved membrane ultrastructure in EM and 
adequately preserved fluorescence at ~40% of that of untreated samples. For resin 
embedding, to avoid denaturing of FPs, the authors evaluated several hydrophilic resins 
capable of low-temperature polymerization, and identified glycol methacrylate (GMA) and 
LR White as viable options. Interestingly, the authors found that the fluorescence intensity 
of ultrathin sections of GMA-embedded samples increased by ~30% upon application of 
water, thus bringing back the fluorescence signal to ~70% of that before fixation. Good STED 
and PALM results were thus obtained on ultrathin sections. SEM was subsequently 
performed after uranyl acetate staining (for enhanced membrane contrast) and carbon 
coating (for improved conductivity). Excellent correlative STED-SEM and PALM-SEM results 
were obtained: for example, STED and PALM of TOM20 both yielded ring-like structures 
aligned with outer membranes of MT in SEM results, in agreement with its known location 
and function. Through a similar scheme, Johnson et al.116 developed another protocol for 
correlating FP-based SMLM with TEM on resin-embedded sections of cryo-fixed cells, and 
optimized a different freeze substitution/fixation solution based on 0.2% uranyl acetate, 
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<0.1% tannic acid, and 5% water in acetone. The authors thus demonstrated correlated 
SMLM of mVenus-tagged EphA2, an ephrin receptor, and TEM of membranes in resin-
embedded sections of HEK-293T cells. 
 
The notable difficulty due to the need to compromise between how well the fluorescence and 
the ultrastructure are respectively preserved for SRM and EM prompted researchers to 
develop new fluorescent probes that are more tolerant to strong EM fixation. Paez-Segala et 
al.115 engineered fixation-resistant variants of the photoconvertible EosFP, the derivatives of 
which are often employed for PALM experiments38,133-135. Previous Eos variants (as well as 
other FPs) showed very low tolerance toward osmium tetroxide105,115. By reducing surface 
side-chain reactivity and improving thermodynamic stability, the authors developed two 
new variants, mEos4a and mEos4b, that well-retained fluorescence and photoconverted 
normally even with heavy (0.5-1%) osmium tetroxide fixation. Although a somewhat larger 
drop in the photoconverted (red) fluorescence was noted, the authors were able to obtain 
good PALM results on heavily-fixed samples after GMA-embedding and sectioning. TEM and 
SEM results indicated excellent preservation of fine membrane ultrastructure, including, for 
example, mitochondrial cristae. Correlation with PALM results on mitochondrially targeted 
mEos4a showed correct localization within the mitochondrial matrix. The author also tested 
embedding in Epon, an epoxy-based hydrophobic resin that offers better structural 
preservation, increased electron dose tolerance, and higher sectioning quality for thinner 
sections, but found fluorescence did not survive. Overcoming this issue and achieving better 
preservation of the photoconverted (red) fluorescence constitute future challenges.  
 
Synthetic fluorescent dyes are typically more robust than FPs and so provide a valuable 
alternative for sCLEM of resin-embedded sections. During fixation and/or embedding, FPs 
may be quenched through denaturing of protein structures and broken peptide bonds, 
whereas synthetic dyes do not face these challenges. Moreover, fluorescent dyes are 
substantially brighter than FPs to begin with, and offer a wider palette by covering a broader 
range of the wavelength spectrum53,136,137.  
 
Perkovic et al.130 employed genetically-encoded SNAP and Halo tags to label cellular proteins 
with synthetic fluorophores. They found sufficient preservation of fluorescence (~25% for 
Alexa Fluor 647, a representative SMLM dye) even when high (up to 4%) concentration of 
uranyl acetate was applied, which enabled them to both carry out SMLM-type SRM and 
adequately preserve ultrastructure for subsequent resin embedding, sectioning, and TEM. 
Tomograms were further constructed to demonstrate cellular structural preservation, which 
correlated well with SRM results, e.g., for N-Cadherin and cell-cell junctions. Kim et al.117 
worked with samples immunolabeled by synthetic fluorophores, and found satisfactory 
survival of fluorescence for Alexa Fluor 647 through strong fixatives and heavy-metal stains, 
including two-step tannic acid (1%) - uranyl acetate (1%) treatment and three-step osmium 
tetroxide (0.6%) - potassium ferricyanide (1.5%) - uranyl acetate (1%) treatment. They 
further found that the fluorescence of Alexa Fluor 647 is well preserved in UltraBed and 
Durcupan ACM, two hydrophobic, epoxy-type resins that offer better ultrastructure 
preservation and sectioning properties. The hydrophobic resins, however, blocked the 
access of imaging buffers normally required in STORM to the sectioned sample. Sodium 



30 
 

ethoxide was thus employed to etch the section and expose the dyes before STORM 
imaging117,138. Good correlative STORM-SEM results were thus obtained for budding 
filamentous influenza viruses and MT. 
 

2.3.6  Metal-replica TEM  
 
Metal-replica TEM offers excellent contrast and resolution for structures exposed at the 
surface. A thin (~2 nm) metal (usually platinum) film, plus a ~10 nm stabilization film of 
carbon is deposited onto the dehydrated sample to mold a replica of the surface topology. 
The metal/carbon replica is then lifted off in hydrofluoric acid and picked up onto a TEM grid 
for TEM imaging (Figure 10A). Since TEM is ultimately performed on an inverted mold of the 
surface made of the heavy metal, this method provides outstanding contrast, but is limited 
to imaging structures on the sample surface. 
 
Suleiman et al.108 reported correlated STORM and metal-replica TEM on Tokuyasu cryo-
sections of fixed kidney tissue (Figure 10B-E). After performing SRM on cryo-sections 
through common procedures (Section 3.4 above), sample was post-fixed in glutaraldehyde 
and slammed onto a liquid helium-cooled copper block for rapid freezing. Vitreous ice was 
sublimed in vacuum to expose the surface layer, thus permitting subsequent 
platinum/carbon coating steps for metal-replica TEM (Figure 10A). This approach allowed 
the authors to resolve the dense protein and membrane ultrastructure at the kidney 
glomerular basement membrane (GBM). By correlating this result with 2-color STORM 
images of agrinC and podocalyxin (Figure 10B-E), they thus demonstrated that the 
podocalyxin labeling is along the foot process periphery and agrin localization within the 
GBM. Sochacki et al.109 “unroofed” fixed adherent cells through sonication to expose the inner 
surface of the bottom plasma membrane (Figure 10A). 3D iPALM was carried out after 
immunolabeling. After post-fixation in glutaraldehyde, the sample was critical-point dried 
for subsequent metal-replica TEM steps (Figure 10A). 3D electron tomographs were 
constructed, which well resolved the cortical cytoskeleton and clathrin pits at the plasma 
membrane (Figure 10F). Correlation of 3D ET results with 3D iPALM in the axial (z) 
dimension was challenging as gold nanoparticles, which otherwise could have served as 
fiducial markers, moved during replica lift-off. The authors thus relied on aligning the iPALM 
position of a membrane-bound FP with the membrane plane in the ET data. This approach 
resulted in well-correlated images (Figure 10G,H), thus providing useful information 
regarding the relative positions of clathrin and related proteins at endocytic pits. 
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Figure 10.  Correlative SRM and metal-replica TEM. (A) Flowchart of typical procedures. (B and C) 2-
color STORM and cross-sectional quantification of immunolabeled agrinC (blue) and podocalyxin (red) 
along a capillary region of a cryosection of mouse kidney tissue. (D) TEM of platinum deep-etch replica 
prepared from the same section. (E) Overlay of the STORM and EM images shows ultrastructural 
features such as podocyte foot processes (fp), endothelial cells (en) and the GBM. (F) iPALM image of 
Alexa Fluor 647-labeled clathrin (magenta) at the inner bottom surface of an unroofed cell, correlated 
and overlaid with the metal-replica TEM image of the same surface (grayscale). (G) (Left) Two-color 
iPALM results of membrane-targeting myristoylated psCFP2 (blue) and clathrin-Alexa Fluor 647 
(magenta) mapped onto the z projection of a TEM tomogram (grayscale). (Right) A magnified z slice 
along the orange dashed line. (H) Individual clathrin structures are shown in xy (z projection) and yz 
dimensions (tomogram slice). Scale bars: 200 nm in (F-H). (B-E) adapted with permission from ref. 72. 
Copyright 2013 eLife Sciences Publications. (F-H) adapted with permission from ref. 73. Copyright 2014 
Nature Publishing Group. 

 

2.4  Correlating cryo-SRM with cryo-EM 
 
As discussed above, a key difficulty of sCLEM originates from the incompatibility of sample 
preparation protocols between SRM and EM. Typical preparation steps for EM, including 
strong chemical fixation, heavy metal staining, dehydration, and embedding, lead to 
significant deterioration of fluorophore performance. These harsh sample treatment steps 
can be circumvented altogether through cryo-fixation and cryo-EM/cryo-ET, which allow for 
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the direct visualization of native ultrastructure98-100. Combining cryo-EM/cryo-ET with 
fluorescence microscopy and SRM, however, incurs a new set of challenges. 
 
In cryo-fixation, live and/or wet samples in their native states are “vitrified” by 
instantaneous cool-down to cryogenic temperatures, e.g., through plunge-freezing into a 
cryogen (for samples thinner than a few micrometers) or freezing the sample under high 
(2100 bar) pressures (for samples up to 200 µm in thickness). Water cannot crystallize 
during the rapid vitrification process, but instead assumes a glass-like, amorphous structure 
that arrests all (bio)chemical processes and preserves native ultrastructure with few, if any, 
artifacts. The vitrified sample is then kept under cryogenic temperatures (strictly <−140 ˚C) 
in all ensuing processes, including optional sectioning/milling and light microscopy, before 
cryo-ET is performed: an elevated temperature at any step would induce the growth of ice 
crystals and hence structural distortion98-100.  
 
Although cryo-ET is capable of preserving both ultrastructure and fluorescence without 
chemical fixation, staining, or dehydration, for LM one faces the difficulties of having to work 
with samples at cryogenic temperatures139-142. Not only is it a formidable task to engineer an 
LM system that is capable of holding and viewing samples at cryogenic temperatures139,142, 
but a fundamental problem exists for working with cryo-samples: high-numerical aperture 
oil-immersion objective lenses commonly employed in SRM can no longer be used due to 
solidification of the oil at cryogenic temperatures. Instead, long-working-distance, non-
immersion objective lenses with low numerical aperture of ~0.7 are typically employed. This 
helps accommodate a layer of dry air to prevent water condensation and decouple heat 
transfer between the sample and the objective, but it also leads to a relatively low diffraction-
limited optical resolution of ~450 nm. Despite this limitation, recent studies have made 
remarkable headway in achieving cryo-SRM for correlation with cryo-ET. 
 
Chang et al.112 reported a protocol to perform correlated cryo-PALM and cryo-ET on plunge-
frozen bacteria. By screening through the photophysical properties of seven PA-FPs at 80 K, 
they found that only PA-GFP was still photoactivatable: all other candidates responded very 
weakly to the activation laser, if at all. This result highlights one of the new challenges faced 
by cryo-SRM when compared to the already difficult task of cryo-FM: conformational 
changes and chemical reactions are substantially suppressed at low temperatures, and 
photoswitching or photoconversion, which are often required in SRM, must be achieved 
through alternative pathways143. The authors also investigated another challenge of SRM. 
High-intensity lasers are often necessary for SRM to excite and/or quench fluorescence 
signal. The resultant heating could devitrify the sample, an issue they overcame with the 
application of cryoprotectants and pulsed laser exposure. The use of a non-immersion 
objective lens precluded total internal reflection fluorescence microscopy (TIRFM), a 
strategy often employed in SMLM to reduce background fluorescence by limiting 
illumination to within ~1 µm of the glass-sample interface. However, this was not a limiting 
issue as samples for cryo-ET are thin (<500 nm) anyway to allow passage of electrons. With 
epi-illumination and a non-immersion objective, the authors reported an average of 206 
photons collected per PA-GFP molecule, sufficient for lateral resolution down to 160 nm. 
Combining this cryo-PALM result with the cryo-ET result at ~4 nm resolution, the group 
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successfully identified and characterized T6SS sheath structures in the myxobacterium M. 
xanthus (Figure 11A,B).  
 
Liu et al.119 identified several other FPs that are photoactivatable at cryo-conditions, and 
demonstrated correlated cryo-PALM and cryo-ET on mammalian cells prepared by high-
pressure freezing and vitreous sectioning. The vitreous sections were imaged on formvar 
support films as opposed to on the carbon films used in the previous study112. As formvar is 
characterized by lower light absorbance and thus reduced heating when compared to carbon 
films, the authors were able to use higher laser powers in cryo-PALM to obtain 10-fold higher 
photon counts. Indeed, despite using a low-numerical aperture air objective, they reported 
a mean photon count of 2,200 for single Dronpa FP molecules, a value much higher than that 
measured with high-numerical aperture oil-immersion objectives under ambient 
conditions144, a result attributable to enhanced photostability at low temperatures. Their 
final effective cryo-PALM resolution was ~30 nm based on images of TOM20-Dronpa in 
transfected HEK293 cells (Figure 11C). However, as formvar films are less conductive than 
carbon films, radiation damage to the sample during EM became of concern. The authors 
compensated for this issue with low-dose radiation and selected for areas near the 
conductive EM grid bars to avoid charge accumulation. They thus obtained 3D cryo-ET data 
to correlate with their PALM results, showing TOM20-Dronpa at the mitochondrial outer 
membrane as expected (Figure 11D). While focusing on results with Dronpa, a green PA-FP, 
this study also identified two red PA-FPs, PATagRFP and PAmCherry, that have suitable 
photophysical properties at 80 K, suggesting possibility of two-color cryo-PALM for future 
work. 
 

 
Figure 11.  Correlated cryo-PALM and cryo-ET. (A) A virtual slice from a high-resolution 3D cryo-
tomogram of plunge-frozen M. xanthus (grayscale), correlated with a cryo-PALM image of VipA–PA-
GFP (red and yellow). Cellular sub-structures in the cryo-tomogram were categorized into different 
components: tubular structure (blue), filamentous bundles (green), and spherical granules (white). (B) 
Zoom-in of the cryo-ET result of the T6SS tubular structure as identified through the correlated cryo-
PALM image. (C) Cryo-PALM image of a 200 nm vitreous slice of HEK293 cells labeled by Dronpa-tagged 
TOM20, a marker for mitochondrial outer membrane. (D) 3D reconstruction of correlated cryo-SRM and 
cryo-ET for a vitreous section of a HEK293 cell expressing TOM20-Dronpa. Mitochondrial outer 
membrane (purple) and cristae (blue) are identified from cryo-ET data; Dronpa tag molecules (green) 
are from the brightest (~top 10%) single molecules in the cryo-PALM data. (A,B) adapted with 
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permission from ref. 76. Copyright 2014 Nature Publishing Group. (C,D) adapted with permission from 
ref. 83. Copyright 2015 Nature Publishing Group. 

 

2.5  Correlating SRM with AFM  
 
AFM is a prominent surface imaging technique widely employed in nanotechnology and 
materials science145,146. A cantilever spring with a sharp (~10 nm tip radius) tip is scanned 
across the sample surface; bending (or a change in vibrational frequency) of the cantilever 
is monitored by detecting the position of a laser beam that reflects off the cantilever, thus 
yielding the topography of the surface at a typical resolution of ~10 nm in-plane and sub-
nanometer in the axial direction. Local force and elasticity measurements147, as well as the 
use of specialized, metal-coated fiber optic probe tips to enable near-field scanning optical 
microscopy (NSOM)45,46 are among some of the additional powerful functions that can be 
incorporated into the AFM system. In particular, NSOM provided one of the first ways to 
break the diffraction limit of light microscopy. 
 
While most applications of AFM relate to inorganic materials, recent years have seen 
growing applications of AFM in biological systems148-150. Correlating AFM and fluorescence 
microscopy is relatively straightforward: AFM is label-free and requires no strong fixation 
or dehydration. In many cases, live or lightly-fixed biological samples can be imaged directly. 
AFM measurements also directly probe mechanical properties, thus providing additional 
information inaccessible to other imaging methods. However, the fact that AFM is a surface 
technique limits its applications to characterizing sample topology and surface properties. 
Correlating with FM helps provide target-specific information of both the surface and the 
interiors of samples, and SRM can provide more meaningful correlation by offering 
resolutions better matched to that of AFM. 
 
Duim et al.151 reported correlative SMLM-AFM of in vitro huntingtin (Htt) protein aggregates 
through sequential imaging on two separate setups. Dye-labeled Htt aggregates were 
adsorbed to quartz slides, first imaged with SMLM in regular imaging buffer, and then rinsed 
and dried with a stream of nitrogen gas for AFM characterization on a different setup. Good 
correlative results were obtained: SMLM provided significantly improved resolution when 
compared to the diffraction-limited FM images, and so well-matched the AFM data to 
together reveal fine structural details of the Htt aggregates. 
 
Harke et al.152 integrated AFM and STED SRM by mounting an AFM head on top of the 
inverted microscope stage, a design widely adopted by later SRM-AFM studies153-156. 
Although this design could, in principle, allow simultaneous performance of SRM and AFM, 
in practice the two measurements are usually carried out separately as the oil-immersion 
objective lens of the SRM setup could couple vibrations into AFM measurements, and the 
lasers used in one modality may cause undesired background in the other. Still, an integrated 
SRM-AFM setup allows for ready identification and registration of the same region of interest 
in the two imaging modalities, thus greatly facilitate data acquisition and analysis. 
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With this approach, Harke et al.152 first imaged fluorescent beads on glass coverslips as a 
proof of concept, demonstrating well correlated STED-AFM results. The system was later 
extended to demonstrate yet another dimension of correlative methods, i.e., the use of AFM 
for nano-manipulation as the STED microscopy provided readout and feedback. Chacko et 
al.153 thus demonstrated the dragging of individual, 40 nm fluorescent beads over short 
distances across a glass surface. Monserrate et al.155 and Odermatt et al.156 reported 
correlated SMLM and AFM imaging of dye-labeled λ DNA and F-actin filaments  deposited on 
substrates, respectively. Through comparison of the correlated SMLM and AFM results, 
Monserrate et al.155 reported gaps in the SMLM results that were continuous in the AFM 
image, indicating possible labelling and image reconstruction artifacts in SMLM. Odermatt et 
al.156 found a correlation between the local density of localizations in SMLM and the 
measured AFM height for F-actin filaments, and attributed this effect to bundles of different 
numbers of single filaments. 
 
Correlative SRM-AFM has also been realized for cells, which are naturally more challenging 
than in vitro samples as AFM needs to be performed in liquid to maintain the hydrated state 
of the sample. Harke et al.152 reported correlated STED-AFM of fixed COS-7 mammalian cells. 
The cells were immunolabeled for tubulin to enable STED SRM of the microtubule 
cytoskeleton, and this result was combined with AFM, which provided correlated local 
topology (height) and stiffness/elasticity (Young’s modulus) of the cell (Figure 12A). In a 
later study by the same research group, Chacko et al.154 demonstrated correlated STED-AFM 
and STORM-AFM on the thicker HeLa cells (Figure 12B-E). Both local AFM-height and AFM-
elasticity results showed partial, but not complete, correlation with the location and 
structure of the microtubules obtained through SRM, attributed to the presence of other 
cellular structures (in particular cytoskeletal filaments) that were not labeled for SRM in the 
experiment. Odermatt et al.156 further extended correlative SRM-AFM to bacteria and live 
mammalian cells. To avoid the aforementioned difficulties of concurrent SRM and AFM 
recording, the authors performed AFM first to monitor the topology of the cell leading edge 
over time, and then performed PALM of the same live cell (Figure 12F-I). A PA-FP, mEos2, 
was tagged to paxillin to visualize the dynamics of focal adhesions in the PALM data. Their 
live-cell PALM results thus showed the nanoscale evolution of focal adhesions in a leading 
cell edge of known topography from prior AFM measurements (Figure 12F-I). 
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Figure 12.  Correlative SRM-AFM of cells. (A) Correlative STED, confocal, AFM-height, and AFM-
elasticity mapping of a fixed COS-7 cell labeled with Atto 647N against tubulin. (B) Overlaid AFM and 
STORM images of Alexa Fluor 647-labeled tubulin of a fixed HeLa cell. (C-E) Correlative STORM (C), 
AFM-height (D), and AFM-elasticity (E) images of the boxed area in (B). (F,G) AFM surface topology of 
a live CHO-K1 cell at 0 and 9 minutes. (H,I) Correlative PALM results of the same live cell taken after 
AFM, corresponding to the white square in (G), at 28.2 and 31.6 minutes, respectively. Reorganization 
of mEos-labeled paxillin is observed. (A) adapted with permission from ref. 117. Copyright 2012 Springer. 
(B-E) adapted with permission from ref. 120. Copyright 2013 Wiley-Liss. (F-I) adapted from ref. 116. 
Copyright 2015 American Chemical Society. 

 

2.6  Correlating SRM with spectroscopy 
 
Spectroscopy and spectrometry measurements offer valuable chemical and/or structural 
information, and are in some cases label-free. However, most spectroscopic/spectrometry 
methods are originally designed for bulk samples and offer limited spatial information. 
Integrating the high spatial resolution of SRM with spectroscopic/spectrometry methods 
thus offers intriguing opportunities to probe multiple aspects of a given system. Here we 
review several recent studies that show promise for the study of biological samples. 
 
Fluorescence spectroscopy. As SRM is based on the detection of fluorescence emission, 
correlated measurement of the fluorescence spectra stands as a direct way to add a new, 
potentially rich dimension of information. Earlier studies on split-channel, ratiometric 
detection methods provided indirect measurements of fluorescence spectra in SMLM76,77,157. 
We also recently integrated single-molecule fluorescence spectrum measurement with 
SMLM to realize spectrally resolved STORM78 (see also Chapter 4). A dual-objective system 
was constructed so that one objective lens each is, respectively, dedicated to the concurrent 
positional and spectral measurements of single molecules from the front and back sides of 
the sample. For spectral measurement, the collected fluorescence signal was passed through 
a prism, thus enabling the dispersion and recording of the spectra of ~102 single molecules 
per few-millisecond snapshot in wide-field. With photoswitching, the authors consequently 
synchronously obtained both the fluorescence spectra and positions of ~106 single 
molecules in minutes. The capability to correlate single-molecule spectra with localizations 
(and thus SRM images) led to “true-color” SRM images, in which the spectrum of every 
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detected molecule, or the averaged local spectra of different sub-diffraction-limit areas, can 
be readily obtained. When applied to multicolor SRM of fixed cells, this led to <1% color 
misidentification between four dyes of heavily overlapping emission spectra. Mlodzianoski 
et al.158 reported a spectral FPALM system based on a single-objective lens. A beam splitter 
was employed to divide the fluorescence collected by the objective into two paths for 
separate positional and spectral detections of single molecules. Although this dividing of 
signal inevitably cuts down on the available photons for each light path, the system is simpler 
in design, places fewer geometry constraints on the sample, and could, in principle, be 
compatible with live cells. By measuring the fluorescence spectra of single PA-FPs and caged 
dye molecules in fixed cells, the authors observed apparent single-molecule spectral 
wandering in a substantial fraction of the molecules. Correlating this spectral information 
with the super-resolved localization of each molecule further enabled the mapping of the 
spectral wandering effects of single PA-FPs in fixed cells at sub-diffraction resolution. 
 
Fluorescence lifetime. The lifetime of fluorescence adds another powerful, orthogonal 
dimension to SRM159-162. Fluorescence lifetime imaging microscopy (FLIM)163 maps out the 
local fluorescence decay rate, which is highly sensitive to both the properties of the 
fluorophore and its local environments. Bückers et al.160 reported the incorporation of 
fluorescence lifetime measurement with STED microscopy of fixed cells, where time traces 
of the fluorescent signals were measured by a time-correlated single-photon counting 
(TCSPC) module. This enabled the authors to unambiguously discriminate signals from two 
dyes that are nearly identical in absorption and emission spectra but substantially different 
in fluorescence lifetime. Two-color STED was thus achieved using only one set of excitation 
and STED lasers (Figure 13A). In a recent study, Niehorster et al.162 employed two excitation 
pulse lasers close in wavelength and one single STED laser to obtain wavelength-dependent 
fluorescence lifetime data to achieve two-color STED using two dyes that are similar in both 
fluorescence spectrum and lifetime (Figure 13B). 
 

 
Figure 13.  Integrating SRM with fluorescence lifetime measurements. (A) Two-channel STED image of 
tubulin and lamin immunostained with ATTO 647N and KK 114, respectively, decomposed into two 
channels according to the measured fluorescence lifetime. (B) Two-channel STED imaging of ATTO 
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647N-labeled giantin (magenta) and Abberior STAR 635P-labeled tubulin (green), with signal 
separated based on wavelength-dependent fluorescence lifetime measurement. (A) adapted with 
permission from ref. 123. Copyright 2011 The Optical Society. (B) adapted with permission from ref. 124. 
Copyright 2016 Nature Publishing Group.  

 
Infrared (IR) spectroscopy. In contrast to fluorescence spectroscopy and microscopy, IR 
spectroscopy provides chemical information of samples without the need for labeling. 
Recent advances in synchrotron IR spectroscopy/microscopy have provided valuable 
insights into the chemistry of biological cells164, but the achievable spatial resolution is 
limited to ~5 μm. Whelan and Bell165 correlated SMLM and synchrotron Fourier transform 
IR (FTIR) results at the level of single cells. By carrying out synchrotron FTIR on individual 
cells before and after chemical fixation, and then performing immunolabeling and SMLM for 
the microtubule cytoskeleton of the same individual cells, the authors compared the efficacy 
of different fixation methods. Observed spectral changes in FTIR results and structural 
changes in SMLM were correlated to suggest varying degrees of compositional and structural 
changes caused by different fixation methods. 
 
Mass spectrometry. Mass spectrometry is an invaluable tool for mass-based identification of 
isotopes, atomic clusters, and molecules. Recent developments in imaging secondary ion 
mass spectrometry (SIMS)166 provide new means for chemical analysis of biological samples 
at spatial resolutions of better than ~100 nm, a value more closely matched to SRM than to 
conventional LM. In SIMS, a focused primary ion beam scans over the surface of the sample, 
causing local ejection of secondary particles, a fraction of which are ionized and identified by 
mass spectrometry. This process requires vacuum, and so correlating SIMS with SRM faces 
challenges similar to correlative SRM-EM. Saka et al.167 demonstrated correlative STED-SIMS 
for resin-embedded samples, and employed this technique to study protein turnover in 
cultured neurons. Hippocampal neurons were fed with marker molecules that contained the 
stable isotope 15N, which was metabolically incorporated over time and so served as a 
marker for protein turnover. The cells were fixed, immunostained for organelle markers, 
dehydrated, and embedded in resin for sectioning. The sections were sequentially imaged 
with STED (for immunostained targets) and SIMS (for 15N and 14N density). Through this 
approach the authors were able to compare local protein turnover rates with high-resolution 
images of cell context markers, indicating, for example, higher turnover rates at synapses. 
More recently, Hua et al.168 combined SIM and time-of-flight SIMS (ToF-SIMS) using a 
vacuum-compatible microfluidic module they previously developed169. Mammalian cells 
were cultured on a silicon nitride (SiN) membrane that was enclosed by a PDMS 
microchannel. The system was impermeable and thus operable in vacuum. During ToF-SIMS 
imaging, apertures of ~2 µm diameter were drilled on the SiN membrane by the primary ion 
source. These apertures served as detection windows, but were small enough to avoid 
dehydration of the sample. As a proof of principle, the authors performed SIM on fixed cells 
that were labeled by CdSe quantum dots, and used the results to guide subsequent local ToF-
SIMS analysis. 
 
Single-molecule force spectroscopy. Single-molecule force spectroscopy is a powerful tool to 
investigate the forces and motions associated with biomolecules170. The integration of SRM 
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with force spectroscopy techniques may enable researchers to combine spatially well-
resolved, molecularly specific target information with measurements on unique variables 
such as the binding and relative motions between different biomolecules and the 
folding/unfolding energy landscapes of proteins and nucleic acids. Toward this goal, Heller 
et al.171,172 demonstrated the integration of optical tweezers with STED: a bacteriophage λ 
DNA molecule was tethered between two optically trapped microspheres, and the binding 
and diffusion of different proteins on the DNA molecule were visualized by one-dimensional 
STED at a spatial resolution of 50 nm and a temporal resolution of <50 ms. By varying the 
applied tension to the DNA, they found a loss of effective STED resolution at forces below ~5 
pN, thus a direct characterization of the tension-dependent suppression of thermal 
fluctuations of the DNA molecule. 
 

2.7  Correlative SRM for non-biological systems 
 
Non-biological, hard materials are generally more robust than soft biological samples. They 
are often naturally compatible with vacuum and amenable to a probing tip scanned at the 
surface. Consequently, EM and AFM are relatively straightforward for non-biological 
samples. Meanwhile, the application of FM and SRM can be more challenging due to the need 
for specific labeling of fluorophores. While in this review we have focused on the biological 
applications of correlative SRM, we here briefly discuss a few examples where the 
correlation between SRM and AFM or SEM has been fruitful in understanding materials 
properties and single-molecule reactions in non-biological systems. We focus our 
discussions on SRM based on fluorescence microscopy; for SRM of surface-enhanced Raman 
scattering hot spots, readers are referred to recent review articles173,174. 
 
Stöhr et al.175 correlated STED with AFM to demonstrate the feasibility of SRM visualization 
of the microscopic structure of graphene sheets. Fluorescent praseodymium ions were 
implanted into the surface of an ultrapure YAG (yttrium aluminum garnet) substrate, and 
graphene was deposited on top. Graphene locally quenched praseodymium fluorescence, 
and so gave rise to negative image contrast, an approach known as fluorescence quenching 
microscopy176-178. By implementing STED, the authors achieved ~30 nm resolution for 
graphene sheets/flakes (Figure 14A), a result validated by correlated AFM images (Figure 
14B).  
 
Blythe et al.179 correlated GSDIM with SEM to study interactions between gold nanowires 
and fluorophore-labeled ligands. By functionalizing gold nanowires with double-stranded 
DNA carrying TAMRA dye labels, the authors achieved GSDIM images that reproduced the 
size and shape of the nanowire structures, as confirmed through correlated SEM images. 
Interestingly, they also observed site-specific emission in a fraction of the nanowires, i.e., that 
the probability of bursts of single-molecule fluorescence was higher at certain locations 
along the nanowires (Figure 14C,D). Through correlation with SEM, the authors found that 
some of these emission sites corresponded to local defects, e.g., attached nanoparticles 
(Figure 14E,F). In later studies180-182 they further correlated similar SRM results on the 
smaller gold nanorods with AFM, and found the obtained SRM images to be smaller in 
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dimension than that of the nanorods as determined from AFM, indicative of nonuniform 
fluorophore labeling across the nanorod surfaces. 
 
Single-nanoparticle catalysis represents another realm where correlative SRM has 
demonstrated great potential. Zhou et al.183 studied a nanoparticle-catalyzed reaction184 that 
produced a fluorescent product, resorufin. Single resorufin molecules were super-localized 
as they were generated at the nanoparticle surface, thus enabling SMLM-type SRM of the 
spatial distribution of catalytic reaction rates. By correlating this information with SEM 
images of the nanoparticles, in this case silica shelled-gold nanorods, spatial reactivity 
patterns of single nanorods were generated (Figure 14G,H), revealing, for example, that the 
catalytic rate of a particular nanorod was higher on the two ends than in the middle (Figure 
14I,J). In later work by the same research lab, Andoy et al.185 used similar strategies to study 
catalytic reactions at the surface of 2D nanocrystals, including triangular and hexagonal gold 
nanoplates, and Zhou et al.186 followed up by developing a scalable method to analyze large 
numbers of catalyst particles of arbitrary shapes through correlating reactivity SMLM and 
SEM. Recently, Sambur et al.187 applied catalytic-reaction SMLM to investigate surface 
heterogeneity of nanostructured photoanodes made of titanium oxide. By using two 
reactants that can generate resorufin through either titanium-oxide catalyzed oxidation or 
reduction reactions, they achieved SMLM-type SRM for both hole and electron activities on 
single nanorods at 30 nm resolution (Figure 14K,L). Subsequent site-selective deposition of 
an oxygen evolution catalyst based on this information, as confirmed through correlated 
SEM (Figure 14M), showed improved oxygen splitting efficiency over bare nanorods. 
 

 
Figure 14.  Examples of correlative SRM approaches for non-biological systems. (A, B) Correlated STED-
AFM of graphene on YAG. (A) STED of graphene based on the quenching of the fluorescence of implanted 
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Pr3+ at the YAG surface. (B) AFM image of the same area. (C-F) Correlated SMLM and SEM of gold 
nanowires conjugated to TAMRA-labeled DNA. (C) Relative frequency histogram and (D) spatial 
intensity map of the locally detected bursts of single-molecule fluorescence. (E) SEM image of the same 
nanowire. (F) Overlay of (D) and (E). (G-J) Correlative SEM and reaction-based SMLM of single-
nanoparticle catalysis. (G) SEM image of a single catalytic Au@mSiO2 nanorod. (H) Frequency 
histogram of super-localized single-molecule reactions on the surface of the same nanorod. Red line: 
contour of the nanorod from (G). (I) Dependence of reaction rate, as measured by frequency of bursts of 
single-molecule fluorescence, on concentration of the reactant, for different locations along the nanorod 
as marked in (H). (J) Catalytic rate constant as a function of distance from the center of the nanorod, as 
determined from (I). (K-M) Correlative SMLM and SEM of hole and electron surface reactions on a single 
titanium oxide nanorod. (K) Scatter plot (left) and histogram (right) of hole-induced oxidation of single 
amplex red molecules. (L) Scatter plot (left) and histogram (right) of electron-induced reduction of 
single resazurin molecules. (M) SEM image of the same nanorod, after site-selective deposition of an 
oxygen evolution catalyst based on the observed reaction hotspots in (K) and (L). White outlines in (K) 
and (L) were determined from (M). (A,B) adapted from ref. 139. Copyright 2012 American Chemical 
Society. (C-F) adapted with permission from ref. 140. Copyright 2013 Royal Society of Chemistry. (G-J) 
adapted with permission from ref. 141. Copyright 2012 Nature Publishing Group. (K-M) adapted with 
permission from ref. 142. Copyright 2016 Nature Publishing Group. 
 

2.8  Outlook 
 
By all measures, correlative SRM is a new and fast-growing field of research with many 
possible future directions. While numerous advanced microscopy methods not discussed 
above, e.g., coherent Raman scattering microscopy188,189, X-Ray microscopy190,191, and 
second-harmonic imaging microscopy192, to name but a few, may all benefit from correlative 
approaches with SRM, we focus our discussion of possible future research directions on 
areas where correlative SRM has been demonstrated, so that current limits, as well as 
possible future improvements and advances (either incremental or fundamental), can be 
better defined. 
 

2.8.1  sCLEM 
 
Further development of fixation- and embedding-resistant fluorophores and epitopes. As 
discussed above, a recent study reported promising results on two PA-FP variants that are 
more tolerant to the harsh EM sample processing steps, thus facilitating sCLEM 
implementation115. However, further improvement is still needed for better preservation of 
the photoconverted fluorescence. Moreover, both variants are based on the same EosFP, 
which photoconverts from a green state to a red state in PALM, thus occupying both green 
and red fluorescence channels and making multi-color imaging difficult. Similarly, two recent 
studies on embedding dye-labeled samples reported on two far-red dyes, Alexa Fluor 647 
and the silicon-containing rhodamine derivative SiR, that are comparable in emission 
spectrum117,130. It would be helpful for future studies to identify additional fix-resistant, 
SRM-suitable FPs and dyes of different colors to facilitate multi-color sCLEM. Meanwhile, 
recent work on genetically encodable, highly antigenic “spaghetti monster” fluorescent 
proteins (smFPs) reported good survival of epitopes for immunogold labeling in heavily 
fixed/stained, embedded sections193. Immunofluorescence labeling of smFP-tagged, 
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embedded sections with SRM-suitable dyes may therefore also facilitate sCLEM for heavily 
fixed and embedded samples. 
 
Dual-contrast agents as correlative probes for sCLEM.  Current sCLEM approaches have relied 
on highly dissimilar contrast agents for SRM and EM. SRM uses fluorescent proteins or dyes 
to tag specific targets, whereas EM often employs electron-dense heavy metals to non-
specifically stain lipids or proteins. Recent advances have demonstrated promising new 
strategies to achieve target-specific contrast in both LM and EM, hence dual-contrast agents 
for CLEM of the same targets64,194. Although secondary antibodies conjugated to quantum 
dots or gold nanoclusters provide one possible route, the large size of the conjugates hinders 
epitope accessibility64,194. An innovative solution involves the incorporation of 
diaminobenzidine (DAB), the substrate of a polymerization reaction mediated by peroxidase 
and singlet oxygen produced during illumination of fluorescent labels195-197. When oxidized, 
DAB forms a local insoluble polymer that can sequester osmium tetroxide for EM contrast. 
Thus, a fluorescent molecule, in the presence of DAB and subsequently osmium tetroxide, 
can also serve as an EM label. Several genetic fluorescence tags that oxidize DAB have been 
developed, including GFP197, tetracysteine/ReAsH198, and miniSOG/FMN199. In particular, 
miniSOG is substantially smaller than typical FPs, has low toxicity, and produces strong EM 
contrast. However, miniSOG gives relatively weak fluorescence194, and it is unclear if it would 
be suitable for SRM on its own. The recent development of APEX200,201, a genetically 
encodable, engineered ascorbate peroxidase that catalyzes the oxidative polymerization of 
DAB provides another means to achieves target-specific EM contrast. Although APEX is not 
fluorescent per se, tandem constructs of APEX and FPs enabled CLEM of the same cellular 
targets200. Tandem constructs of SRM-suitable FPs and APEX or miniSOG may thus enable 
target-specific dual-contrast sCLEM. The recent report132 that tetramethylrhodamine (TMR), 
a fluorescent dye compatible with SRM imaging77,202, can photooxidize DAB for EM contrast 
also points to a viable direction for dual-contrast sCLEM. 
 
Correlating EM with live-cell SRM.  One powerful approach in CLEM has been to first perform 
live-cell LM to monitor the dynamics of the cell, and then fix the cell in situ for EM observation 
of ultrastructure65,203-205. This approach is particularly helpful in linking structure to function 
for cellular structures characterized by fast dynamics. For example, the leading edges of 
migrating cells remodel on a time scale of seconds. Recording a light-microscopy movie of 
the live cells before fixation is instrumental in identifying if a particular part of the cell edge 
has been in the protruding, retracting, or stationary stage to correlate with the fixed-cell 
cytoskeleton ultrastructure obtained through EM203,204. To date, sCLEM has been limited to 
SRM of fixed samples. Although SRM of live samples is more challenging, recent advances 
have overcome many of the difficulties in terms of both sample labeling and achievable 
spatiotemporal resolution206-209. It is thus quite feasible, and likely beneficial, to sequentially 
combine live-cell SRM with EM to add in the temporal dimension for correlating 
ultrastructure to dynamics and function. 
 
Integrated sCLEM. One general impediment to correlative microscopy has been the need to 
sequentially work on different microscopy modalities, which, besides being time-consuming, 
often leads to difficulties in retrieving the same region of interest, as well as potential sample 
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damage in transferring between setups. Integrated systems, in which different modalities 
are combined into one system, help overcome these issues. While it is relatively 
straightforward to integrate SRM with other optical methods and AFM (Sections 2 and 5), it 
is much more arduous to integrate LM and EM due to their highly disparate imaging 
environments. Recent years have witnessed the rise of integrated CLEM systems67,210. To 
accommodate vacuum, most of these systems are based on long working distance, non-
immersion objective lenses with low numerical aperture, unfavorable for high-resolution 
LM. Using vacuum-compatible immersion oil, recent work demonstrated the integration of 
high-numerical aperture (1.4) light microscopy with SEM211,212. Still, as the entire system is 
enclosed in vacuum, the sample needs to be in the dehydrated state, not suitable for typical 
SRM. Micro-fabricated liquid enclosures enable direct EM of hydrated samples213-215, and 
thus are powerful for integrated CLEM in the hydrated state216. However, the need to enclose 
the sample between a suspended EM viewing window and an opposing optical viewing 
window for light microscopy makes it difficult to work with index-matching, oil-immersion 
objective lenses217. The recent emergence of graphene as an ultrathin barrier material for 
EM of hydrated cells118,131,218 provides new opportunities to overcome this difficulty for 
integrated sCLEM. 
 
Correlative SRM with other EM-related methods. Overcoming the hurdles of sCLEM can also 
benefit future efforts towards correlative SRM with other related methods operated under 
similar conditions. For example, the feasibility of correlative light microscopy-scanning ion 
microscopy of fixed, adherent mammalian cells has been recently demonstrated219. In 
scanning ion microscopy, a focused ion (e.g., gallium) beam is scanned across the sample 
surface to extract secondary electrons and generate electron micrographs. The vacuum 
operating condition and the achieved resolution are both similar to that of SEM, but for 
correlation with FM, it was shown that the scanning ion microscopy does not destroy 
fluorescence signal as EM often does, so that fluorescence microscopy can be performed after 
scanning ion microscopy219, a feature potentially useful for correlation with SRM. As another 
example, energy-dispersive X-ray spectroscopy (EDS or EDX) is a common modality in EM. 
In this method, the characteristic X-rays of different elements are detected as the sample is 
bombarded by the electron beam in EM, thus a means to provide point-by-point mapping of 
local element concentration. Recent work has demonstrated nanoscale EDS elemental 
mapping for human cardiovascular tissues undergoing calcification220. Combining this 
elemental analysis capability with protein specificity from SRM could reveal a wealth of 
information on nanoscale physiology and pathology.  
 

2.8.2  Correlative cryo-SRM 
 
Synthetic dyes for cryo-SRM. To date cryo-SRM of cells has been limited to FP-tagged 
samples112,119,221. Synthetic fluorescent dyes represent a valuable alternative as they avoid 
potential structural and functional artifacts sometimes found for FP-tagged proteins222, and 
are often characterized by much brighter fluorescence53,136,137. Weisenburger et al.223,224 
recently demonstrated enhanced photostability of dye molecules at cryogenic temperatures 
and hence high-precision single-molecule localization. By monitoring fluorescence intensity 
time traces as molecules underwent blinking, the authors demonstrated cryogenic co-
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localization measurements for pairs of single Alexa Fluor 532 molecules that were labeled a 
few nanometers apart on in vitro DNA constructs. The application of this approach to SMLM-
type SRM could be challenging as the dye molecules did not tend to stay in the fluorescence 
“off” state long enough, thus limiting the number of fluorophores that can be allowed within 
the diffraction limit. Moreover, for cell imaging, endogenous autofluorescence may become 
more difficult to photobleach at cryogenic temperatures, and hence higher fluorescence 
background may be present221. Consequently, the development of bright dyes with good low-
temperature photoswitching capabilities will be critical in enabling high-quality, dye-based 
cryo-SRM for correlation with cryo-ET. 
 
High numerical aperture objective lenses for cryo-SRM. The performance of cryo-SRM is 
ultimately limited by the long working distance, low-numerical aperture (~0.7) objectives 
(Section 4). The possibility of achieving an numerical aperture of 1.3 under cryo-conditions 
has been demonstrated in principle using liquid propane as the immersion fluid225. The much 
higher numerical aperture could, in theory, improve optical resolution by more than twofold, 
although possible aberrations introduced by refractive index mismatches still need to be 
addressed. It is further worth noting that at sufficiently high numerical aperture, the fixed 
dipole orientation of fluorophores in a vitrified sample may lead to significant (>10 nm) 
localization error for single molecules224,226. This issue is potentially addressable with 
evolving computational models227 and new optical methods228. 
 
Correlating cryo-SRM with cryo-soft X-ray tomography. Success in correlating cryo-SRM with 
cryo-EM will also be valuable for future possibilities towards combining cryo-SRM and cryo-
soft X-ray tomography (cryo-SXT)142,229,230. Using a high-intensity (e.g., from a synchrotron), 
low-energy (~280-530 eV) beam that is minimally absorbed by water/ice but strongly 
absorbed by carbon-rich cellular structures, cryo-SXT uniquely provides nanoscale 3D 
tomography of unstained, hydrated whole cells up to ~10 µm in thickness. Recent advances 
on correlative cryo-light microscopy and cryo-SXT229,230 have revealed rich structural 
information: here cryo-light microscopy provides valuable target specificity, but the 
diffraction-limited resolution is subpar when compared to the ~10 nm resolution of cryo-
SXT. This major limitation may be overcome through correlation with cryo-SRM. 
 

2.8.3  Correlative SRM and AFM 
 
Concurrent SRM-AFM. As discussed above, although the integration of an AFM head with an 
SRM setup is relatively straightforward, actual correlative imaging is usually carried out 
sequentially rather than simultaneously. This is not ideal, especially considering the recently 
demonstrated feasibility of correlative SRM-AFM imaging of live cells156: concurrent imaging 
of the two modalities would be critical here to correlate the observed ultrastructure and cell 
physiology. To achieve this goal, efforts are required to damp the vibration coupled from the 
oil-immersion objective lens, while the laser signal interference between the two modalities 
needs to be addressed by selecting proper wavelengths and optical filters. Integration of the 
AFM and SRM data acquisition software represents another engineering challenge156,231. 
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Correlating SRM with high-speed AFM. Traditional AFM is characterized by long image 
acquisition time, often on the order of minutes. Although this time scale is comparable to 
that of typical SRM approaches, recent work has demonstrated fast SRM image acquisition 
in live cells at second and sub-second time scales83-86,232, thus raising the exciting new 
possibility and challenge to achieve correlative SRM-AFM at similar speeds. The rise of high-
speed AFM (HS-AFM) over the past two decades233-236 fits this need. Through specialized 
cantilever probes and scanning/feedback systems, HS-AFM achieves sub-second and sub-
100-ms temporal resolutions with an excellent spatial resolution for biomolecules and cell 
surfaces, to the point that the walking of a single myosin V molecule on an actin filament can 
be monitored in real time237. Remarkably, the integration of HS-AFM with TIRFM has been 
demonstrated in recent work238, where the motion of a single Cy3-tagged chitinase A 
molecule on a chitin microfibril was simultaneously imaged by both modalities, thus paving 
the foundations to correlating HS-AFM with SMLM-type SRM methods. 
 

2.9  Conclusions 
 
In conclusion, as advances in SRM continue to expand the capabilities of LM, extensive 
opportunities and challenges arise regarding the effective correlation of these new 
possibilities with existing and emerging techniques to attain multi-dimensional, holistic 
information about the target. Far from being a simple extension of traditional correlative 
microscopy, correlative SRM overcomes multiple layers of technical difficulties to resolve 
the standing resolution disparity between light microscopy and higher resolution methods, 
meanwhile adding new dimensions to the already powerful arsenal of SRM methods. We 
foresee great opportunities for the continued development of correlative SRM approaches, 
as well as their application to demanding questions in both biological and non-biological 
systems. 
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Chapter 3:  A Study in sCLEM 
 
It is at this stage that we dive more deeply into two specific methods touched on briefly in 
Chapter 2. The first of these is graphene-enabled sCLEM, described in section 2.3.3118, 
covered here in Chapter 3, and the second is spectrally-resolved STORM (SR-STORM), briefly 
described in section 2.678 and explained in full in Chapter 4. The work in this chapter was 
conducted in collaboration with Michal Wojcik, Seonah Moon, Dr. Wan Li, and Professor Ke 
Xu. It is adapted from ref. 118 and with permission from the aforementioned co-authors and 
the publisher. Copyright 2015 Nature Publishing Group. 
 

3.1  Introduction 
 
A major challenge in the application of EM to biological samples has been faithful 
preservation of cellular ultrastructure during the laborious dehydration and 
embedding/coating procedures required for sample preparation93,203,239. The harsh 
procedures are also detrimental to fluorescence105, thus introducing difficulties for 
correlating structural EM information with molecular specificity from high-resolution FM, 
including super-resolution methods38,105,106,109. Quick freezing, as performed in cryo-EM 
methods, circumvents the need for dehydration99,213, but requires dedicated equipment and 
is challenging for whole animal cells. Micro-fabricated liquid enclosures enable direct EM of 
hydrated cells213,214,240-243, but such devices are difficult to fabricate, and the relatively thick 
(>~50 nm) suspended viewing windows employed often limit the obtained contrast and 
resolution. Furthermore, the special substrates used in cryo-EM and liquid enclosures are 
difficult to adapt to oil-immersion lenses214 for correlation with high-resolution optical 
microscopy methods (see Chapter 2.3).  
 
Here we utilize graphene, a single-atom thick honeycomb lattice of carbon atoms122, as an 
impermeable and conductive membrane to uniquely enable EM and correlated SRM of wet 
and untreated, or fixed mammalian cells cultured on conventional coverglass with 
exceptional ease. Despite being at the ultimate limit of membrane thinness, graphene is 
impermeable to gas and liquid123-126, electrically and thermally conductive122, and chemically 
inert. Other groups previously reported the use of graphene for sealing surface-adsorbed 
molecules to interrogate their nano-structures with AFM244,245, and noted that graphene can 
seal nanoscale water droplets in ultra-high vacuum246. Other studies showed that graphene 
serves as an excellent transparent support film for EM247,248, and can be used to entrap 
nanometer-scaled liquid to allow for EM of nanocrystals and protein in liquid249-251. EM of 
multilayer graphene oxide-wrapped bacteria has been achieved via mixing of liquid 
suspensions of bacteria and micrometer-sized graphene oxide flakes126,218, but such 
approaches are difficult to apply to the much larger animal cells, and the sharp edges of 
graphenic flakes tend to penetrate the cell membrane and lead to internalization252. 
 
We report that monolayer graphene can hermetically seal and protect large areas of 
mammalian cells, cultured on conventional coverglass, from external environments, 
including the high vacuum typically encountered in an electron microscope. This protection, 
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combined with the high electrical and thermal conductivity of graphene and its ultimate 
thinness, enables facile EM of wet and untreated cells with excellent contrast and resolution, 
as well as correlated SRM directly on the culturing substrate. In particular, individual actin 
filaments are resolved in wet cells through EM and well correlated with super-resolution 
results. 
 

3.2  Results 
 

3.2.1  Graphene insulates cells from the external environment 
 
Graphene was produced by chemical vapor deposition (CVD) growth on copper foil and wet-
transferred to cover large (~10×10 mm2) areas of cells conventionally cultured on 
coverglass (Figure 15A). Commercially available and homegrown graphene performed 
similarly in our experiments. Deposited graphene was identified in bright-field microscopy 
as a continuous, slightly darkened film (Figure 15B). Meanwhile, no noticeable impact is 
observed for the labeled fluorescence in cells (Figure 15C). Raman spectroscopy confirmed 
that the deposited graphene was a high quality monolayer (Figure 15D). The spectrum on 
graphene-covered cells had high background due to the labeled fluorescence in cells, but the 
2D and G peaks of graphene253 are nonetheless clearly resolved (Figure 15D). 
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Figure 15.  Graphene insulates cells from the external environment. (A) Schematic of our approach. 
(B,C) Graphene covering a region (Gr) of Alexa Fluor 488-phalloidin-labeled BS-C-1 cells on coverglass. 
(B) Bright-field microscopy. (C) FM of Alexa Fluor 488. (D) Raman spectroscopy for different areas of 
the sample: Graphene on top of cell (i), graphene off cell (ii), and substrate not covered by graphene (iii). 
(ii)-(iii) denotes spectrum (ii) after subtraction of spectrum (iii). (E,F) Graphene-covered (right 2/3) 
and non-covered (left 1/3) labeled (Green: Alexa Fluor 647-labeled tubulin; Red: Alexa Fluor 555-
labeled actin) BS-C-1 cells, after exposure to a sodium borohydride bleaching solution. (E) Bright-field 
image. (F) Fluorescence image of the labeled tubulin (green) and actin (red). Scale bars: 0.5 mm (B,C); 
50 µm (E,F).  

 
To evaluate whether the monolayer graphene membrane can satisfactorily insulate cells 
from the external environment, fluorescently labeled cells were covered with graphene and 
then immersed in 0.1% sodium borohydride, a reducing agent commonly used to bleach 
fluorescence in biological samples, for 60 s (Figure 15E,F). Cells not covered by graphene 
were bleached (e.g., white arrows), whereas cells protected by graphene retained 
fluorescence. This result indicates that graphene provided a hermetic seal for cells. Long-
term (16 h) insulating capability was further confirmed through dye labeling experiments 
(Figure 16). 
 

 
Figure 16.  Graphene insulates cells from the external environment over long periods. (A) Combined 
fluorescence and bright-field microscopy images of fixed HeLa cells that were pre-labeled with Alexa 
Fluor 555 (AF555) for tubulin (green), partly covered with graphene, and incubated with AF647-
phalloidin (red), a potent stain for cytoskeletal actin, for 16 h. (B) The AF647 channel. (C) The AF555 
channel. Cells not covered by graphene were strongly labeled by AF647, whereas no noticeable labeling 
was observed for graphene-covered cells (solid arrows). As a control, the pre-labeled AF555 appeared 
equally strong for all cells. Cells close to the graphene edge are lightly stained by AF647 (e.g., dashed 
arrow), suggesting that leakage may gradually occur from the graphene edge over time. 

 

3.2.2  Graphene enables EM of wet cells 
 
Having verified that graphene can provide a hermetic seal for cells, we moved forward to 
examine its applicability to EM of wet cells under high vacuum conditions. Graphene sheets 
were deposited onto wet cells cultured on coverglass such that most of the coverglass surface 
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was overlaid with graphene. Silver paint was used to contact a corner of the deposited 
graphene sheet to the sample holder for dissipation of electric charge during EM (Figure 17A, 
“Ag”). The sample was then loaded into a conventional SEM operated under standard 
secondary electron mode. Normal operational vacuum (5×10-7 – 2×10-5 torr, depending on 
the particular system) was readily reached during pump down.  
 
We first examined fixed cell samples that were briefly stained with a 0.5% uranyl acetate 
solution but otherwise remained fully hydrated. Under SEM, the non-covered, non-
conductive parts of the sample rapidly accumulated electric charge, leading to excessively 
bright and unstable signals (Figure 17A,B). Zoomed-in images (Figure 17B) displayed 
limited contrast and abnormal cell morphology attributable to structural deformation under 
vacuum. In contrast, graphene-covered regions are characterized by stable SEM signal with 
no indication of charge accumulation (Figure 17C). Graphene-covered cells can thus be 
imaged with good contrast over the entire field of view (Figure 17A) and at higher 
magnifications (Figure 17C,D). Cell morphology was free of visible artifacts in all cases 
examined, indicating good preservation of cellular structures in vacuum. For cells that were 
fixed and membrane-extracted for preservation of the actin cytoskeleton55,203,239, the 
obtained SEM images correlated well with conventional fluorescence images of phalloidin-
labeled actin while providing finer structural details. 
 
We then applied the same strategy to untreated live cells. At an accelerating voltage (V0) of 
3 kV, substantial contrast was obtained for the internal structure of the graphene-covered, 
untreated cells (Figure 17E). Void structures with low electron density, typically 200 nm – 2 
µm in size, are observed in cells, likely corresponding to vesicle-like organelles that 
physically exclude the cytosol. Lower V0 (2 kV) led to less transparent images, but was 
helpful in outlining the overall cell morphology (Figure 17F). At higher V0 (5 kV), the 
untreated cells became overly transparent with only the nuclei providing contrast (Figure 
17G). Previous studies using polyimide or silicon nitride membranes as imaging windows 
for EM of wet cells necessitate the use of high V0 (>10 kV) to penetrate the relatively thick 
(>~50 nm) membranes, thus providing limited contrast on unstained animal cells240-242. As 
an ultrathin membrane, graphene interacts minimally with the electron beam247,248 and thus 
allows for cell imaging at much lower V0. The fact that graphene is an excellent thermal and 
electrical conductor further reduces damage by the electron beam so that the same unfixed 
cells can be imaged multiple times and under different conditions without noticeable 
structural changes (Figure 17E-G). 
 
Enhanced image contrast was obtained for wet samples that were suitably fixed and stained. 
For fixed cells that were not membrane-extracted, staining with a 2% aqueous solution of 
uranyl acetate revealed the structural details of the plasma membrane and MT (Figure 17H). 
For samples fixed and membrane-extracted for preservation of the actin 
cytoskeleton55,203,239, a two-step staining with tannic acid and uranyl acetate solutions203,240 
led to excellent contrast under graphene, enabling EM of individual cytoskeletal actin 
filaments in hydrated samples for the first time (Figure 17I,J). Line scans over single 
filaments produced cross-sectional widths of ~14 nm (Figure 17K), close to the known 
diameter of actin filaments (8 nm) and limited by the achievable resolution of the SEM 
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systems we used. The obtained outstanding resolution and contrast are again attributed to 
the ultimate thinness of graphene. As a uniform, single layer of carbon atoms, graphene 
causes minimal electron scattering247,248 and is thus instrumental in revealing the detailed 
structures of the covered cells. 
 

 
Figure 17.  Graphene-enabled EM of wet cells. (A) Zoom-out SEM image of graphene-covered (Gr) and 
non-covered (NG), fixed and lightly stained wet COS-7 cells on coverglass. (B) Non-covered cells at higher 
magnification (V0 = 2 kV). (C) Graphene-covered cells in the same sample, image taken under the same 
conditions as b. (D) Zoom in of C. (E-G) SEM images of graphene-covered, untreated live COS-7 cells, 
taken at V0 = 3, 2, and 5 kV, respectively. (H) SEM image of a graphene-covered, fixed wet COS-7 cell that 
was stained with 2% uranyl acetate (V0 = 4 kV). (I) SEM image of a graphene-covered, wet COS-7 cell 
that was fixed and membrane-extracted for preservation of the actin cytoskeleton and stained with 
tannic acid and uranyl acetate. V0 = 5 kV. (J) Zoom-in of I. (K) Close-up of a sparse region, and cross 
section through one filament along the dotted line. Scale bars: 1 mm (A); 50 µm (B,C); 10 µm (D-G); 4 
µm (H); 2 µm (I); 1 µm (J); 100 nm (K). 
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3.2.3  Correlative SRM and EM 
 
Due to its compatibility with wet samples on standard coverglass, our method can be readily 
extended to allow for correlative38,105,106 SRM and EM. Here we used three-dimensional 
stochastic optical reconstruction microscopy (3D-STORM)37,54 to first resolve actin filaments 
in fixed wet cells on coverglass37,54,55, and then uranyl-stained the sample and applied 
graphene for correlated SEM imaging. Comparison of the 3D-STORM and graphene-SEM 
images shows good correspondence of actin ultrastructure, enabling correlation of 
individual actin filaments between super-resolution and EM images (Figures 18 and 19).  
 

 
Figure 18.  Correlated STORM and graphene-SEM results for the actin cytoskeleton in wet cells. (A,B) 
Correlated STORM (green) and graphene-SEM (white) images of fixed, wet COS7 cells. Insets: zoom-in 
of the 3D-STORM image (top) and Graphene-SEM image (bottom) for the boxed area in (A). Color scale 
is used to indicate height (z) in the 3D-STORM image. White and green scale bars correspond to scales 
obtained from graphene-SEM and STORM, respectively. 
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Figure 19.  Comparison of the correlated graphene-SEM and STORM images. (A) Magnified and overlaid 
graphene-SEM (white) and STORM (green) images. (B,C) Graphene-SEM (B) and STORM (C) images 
corresponding to the boxed area in (A). Grid lines are added to aid comparison of the images. Good 
correlation is generally observed. Local differences in structural details may be partly attributed to 
insufficient fluorescence labeling of the actin filaments in STORM and non-actin structures that only 
show up in SEM. 
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Figure 20.  Correlated and overlaid two-color STORM and graphene-SEM images for another 
membrane-extracted fixed cell. (A) STORM image: green for actin; red for TOM20 (MT). (B) SEM image 
of the same area. (C) Overlaid image of (A) and (B). Yellow arrow points to same mitochondrial 
structure in all three images. 

 
Figure 20 further shows a case in which actin filaments and MT are both visualized in the 
same sample. Two-color STORM images show good correlation with SEM for both structures. 
Excellent correlative STORM/graphene-SEM results were also obtained for MT in stained 
cells (Figure 21) and for the cell membrane in DiI-labeled cells (Figure 22). Furthermore, 
good agreement is obtained between the scale bars obtained from STORM and SEM 
measurements in all cases, confirming preservation of volume and size of wet cells in vacuum 
(Figures 18-22). Taken together, these results indicate preservation of fine structural details 
in graphene-covered wet samples.  
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Figure 21.  Details of correlated SEM and SRM of MT in a hydrated cell. (A) Graphene-SEM images. (B) 
Correlated 3D-STORM images of TOM20, an MT outer-membrane marker. (C) Overlaid images. Color 
scale in (B) is used to indicate height (z) in the 3D-STORM images. White and yellow scale bars 
correspond to scales obtained from graphene-SEM and STORM, respectively. 
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Figure 22.  Correlated STORM and graphene-SEM results for a membrane-stained wet cell. Live COS-7 
cells were labeled with a DiI cell membrane-labeling solution (Invitrogen V-22885) at 20 μM in DMEM 
for 5 min, and then fixed by 4% paraformaldehyde. (A) Graphene-SEM image. V0 = 2 kV (for best contrast 
of cell shape). (B) Correlated STORM image of the labeled DiI, imaged with a 560 nm laser. (C) Overlaid 
image. Black and yellow scale bars correspond to scales obtained from graphene-SEM and STORM, 
respectively. White arrow points to a vesicle that is visualized in both the graphene-SEM and STORM 
images: This is likely due to the local internalization of the cell membrane (e.g., endocytosis) during dye 
labeling of the live cell. Meanwhile, many other vesicles are observed in the graphene-SEM image but 
not in the STORM image: these are likely internal vesicles that are not labeled by the DiI solution. 
Occasionally observed clusters in the STORM image are attributed to undissolved DiI aggregates. 
Magenta arrow points to a structure that is visualized in graphene-SEM but barely visible in STORM due 
to the low labeling of DiI therein. 

 

3.3  Discussion 
 
A considerable obstacle in EM of cell samples has been achieving proper preservation of fine 
cellular structure during the conventionally required sample dehydration procedures. Both 
air- and freeze-drying lead to major distortions (Figure 23)203,239. Dehydration through a 
graded series of organic solvents followed by critical-point drying and platinum/carbon 
deposition has been successful, but is technically challenging and time consuming203. By 
taking full advantage of the extraordinary properties of graphene as the thinnest membrane 



56 
 

that is impermeable and conductive, our approach allows for direct EM of wet cells through 
a simple, one-step sample preparation. No special substrate, device, or equipment is 
involved, and good contrast and resolution are achieved with conventional SEM. Its ready 
application to cells cultured on standard coverglass further permits facile correlation with 
SRM for multiple targets in unstained and stained cells. Our approach thus opens up new 
ways to examine biological samples at the nanoscale in their native, hydrated state. 
 

 
Figure 23.   Calculation of the normalized cross-correlation of correlated STORM and SEM images based 
on pixel intensity, as a preliminary attempt to evaluate the correspondence between STORM and SEM 
images. (A-C) Analysis of a graphene-encased sample. (A) 3D-STORM and (B) graphene-SEM images of 
the actin cytoskeleton in a wet, fixed and membrane-extracted COS-7 cell. (C) Calculation of the 
normalized cross-correlation between (A) and (B). A maximal cross-correlation coefficient of 0.31 is 
obtained, which is reasonably good considering the very different contrast mechanisms of STORM and 
EM. (D-F) Analysis of a control sample without graphene. (D) 3D-STORM image of actin in a COS-7 cell, 
taken before sample drying. (E) Air-dried, non-graphene-encased SEM image of the same region as (D). 
(F) Calculation of the normalized cross-correlation between (D) and (E). A much lower cross-
correlations coefficient (0.11) is obtained due to distortion of the actin network upon dehydration. Scale 
bars: (A,B) 1 μm; (D,E) 2 μm. 
 

3.4  Methods 
 
Cell culture, fixation, and immunofluorescence labeling:  Mammalian cells (BS-C-1, COS-7, 
HeLa; ATCC) were cultured on common glass coverslips (typically 12 mm dia.) following 
standard tissue culture protocols. For live cell experiments (Figure 17E-G), cells were left 
untreated before the application of graphene. For correlated STORM and graphene-SEM of 
unstained cells (Figure 22), live cells were labeled with a CM-DiI cell membrane-labeling 
solution (Invitrogen V-22888) at 20 μM in DMEM for 5 min, and then fixed by 4% 
paraformaldehyde for 10 min. For experiments aimed at visualizing the actin cytoskeleton 
(Figures 17A-D, 17I-K, and 18-20), cells were initially fixed and extracted for 1 min with a 
solution of 0.3% (v/v) glutaraldehyde and 0.25% (v/v) Triton X-100 in cytoskeleton buffer 
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(CB, 10 mM MES, pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose and 5 mM MgCl2), and 
then post-fixed for 20 min in 2% (v/v) glutaraldehyde in CB55,203,239. For other fixed-cell 
experiments, cells were fixed in 3% formaldehyde and 0.1% glutaraldehyde in phosphate 
buffered saline (PBS) for ~10 min or in 4% formaldehyde in PBS. For immunofluorescence 
labeling, cells were first blocked with a solution of 3% bovine serum albumin and 0.1% 
Triton X-100 in PBS, and then stained with corresponding primary and secondary 
antibodies. Primary antibodies used were mouse anti-tubulin (Sigma T5201; 1:400) for 
labeling of microtubules and rabbit anti-TOM20 (Santa Cruz sc11415; 1:200) for labeling of 
MT. For single-color and two-color STORM imaging of MT, AF647-conjugated and Cy3B-
conjugated71 secondary antibodies (at 5 µg/mL) were used to label TOM20, respectively. For 
fluorescent labeling of actin filaments, samples were incubated55 with AF488-conjugated 
phalloidin (Invitrogen A12379; for Figure 15C), AF555-conjugated phalloidin (Invitrogen 
A34055; for Figure 15F), or AF647-conjugated phalloidin (Invitrogen A22287; for all other 
data) at a concentration of ~0.4 µM. 
 
STORM imaging: To facilitate location of the same cells under STORM and SEM, a diamond 
scribe was used to make a scratch mark (e.g., ~1 mm2 triangular) at the center of the 
coverslip, which was readily identifiable both under optical microscope and in SEM under 
the coverage of graphene. 3D-STORM imaging37,54 was first performed on a homebuilt setup 
based on a Nikon Eclipse Ti-E inverted optical microscope using an oil immersion objective 
(Nikon CFI Plan Apochromat λ 100x, NA 1.45). Briefly, lasers at 647 nm (MPB 
Communications), 560 nm (MPB Communications), and 405 nm (Coherent) were coupled 
into an optical fiber after an acousto-optic tunable filter and then introduced into the sample 
through the back focal plane of the microscope. Using a translation stage, the laser beams 
were shifted toward the edge of the objective so that emerging light reached the sample at 
incidence angles slightly smaller than the critical angle of the glass-water interface. 
Continuous illumination of 647-nm laser (~2 kW/cm2; for STORM of AF647) or 560-nm laser 
(~2 kW/cm2; for STORM of Cy3B and CM-DiI) was used to excite fluorescence from labeled 
dye molecules and switch them into the dark state. Concurrent illumination of the 405-nm 
laser was used to reactivate the fluorophores to the emitting state. The power of the 405-nm 
laser (typical range 0-1 W/cm2) was adjusted during image acquisition so that at any given 
instant, only a small, optically resolvable fraction of the fluorophores in the sample were in 
the emitting state. For 3D-STORM imaging, a cylindrical lens was inserted into the imaging 
path so that images of single molecules were elongated in x and y for molecules on the 
proximal and distal sides of the focal plane (relative to the objective), respectively54. Imaging 
buffer used was Tris-Cl containing 100 mM cysteamine, 5% glucose, 0.8 mg/mL glucose 
oxidase, and 40 μg/mL catalase. After STORM imaging, the coverslip was stored in PBS before 
processing for graphene-based SEM imaging (as described above).  
 
Staining for EM:  For data presented in Figure 17A-D, fixed and membrane-extracted cells 
were stained with 0.5% uranyl acetate (SPI 02624) in water for 5-10 minutes, washed three 
times with water, and kept in water prior to graphene deposition. For imaging of MT and 
plasma membrane (Figures 17H, 21, and 22), fixed cells were stained with 2% uranyl acetate 
in water for 1 h. For improved contrast of the actin cytoskeleton (Figures 17I-K and 18-20), 
samples were treated with 5% tannic acid (Sigma 403040) in water for 5 min, followed by a 
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solution of 2% uranyl acetate in water for 2 hours. Samples were thoroughly washed with 
water and kept in water prior to graphene deposition. 
 
Graphene deposition:  CVD graphene on copper foil254 were grown at Cornell NanoScale 
Science & Technology Facility (CNF) or purchased from Graphene Supermarket (Calverton, 
NY). Similar results were obtained using graphene from the two sources. The CVD graphene 
on copper foil was spin-coated with a ~150 nm layer of polymethyl methacrylate (PMMA), 
and cut into pieces slightly smaller than the size of the coverslip. After the copper was 
removed in 10% ferric chloride, the graphene-PMMA stack was transferred to a fresh water 
bath so it floated on the water surface. Water bath transfer was repeated three times to 
remove traces of ferric chloride. To cover cells with graphene, the hydrated coverslip 
containing the cells was used to scoop up the graphene-PMMA stack floating on water. The 
stack was allowed to adhere to the sample for ~10 min in air. To remove PMMA, the sample 
was dipped in anisole or acetone for 2 min, and rinsed off briefly in isopropyl alcohol. 
Deposited graphene was identified in bright-field microscopy as a continuous, slightly 
darkened film (Figure 15B,E), likely due to the known absorption of graphene to 2.3% of 
white light255. Near 100% yield was achieved. Quality of graphene was evaluated via Raman 
spectroscopy. Raman spectra were recorded with a Renishaw InVia micro-Raman system 
using a 488 nm laser and a 2400 lines/mm grating. A confocal microscope with a 50x 
objective lens was used to record spectra at a spatial resolution of ∼2 μm. Raman 
spectroscopy confirmed that the graphene used in this study was high quality monolayer 
(Figure 15D)253. We have also found that small amounts of bilayers do not notably affect our 
results, but low-quality graphene with excessive bilayers and defects is not optimal for 
obtaining the best results with our method. 
 
SEM imaging:  The graphene-covered coverslip was mounted on a standard metallic sample 
mount with carbon tape, and a small amount of silver colloid paint (Ted Pella 16031) was 
used to create a conductive bridge between graphene and the sample mount. SEM imaging 
was performed under standard secondary electron mode on a FEI Quanta 3D FEG system or 
a JEOL JSM-6340F system. Normal operational vacuum (5×10-7 – 2×10-5 torr) was readily 
reached during pump down. Calibration of magnification was verified with a replica of a 
2,160 lines/mm waffle-pattern diffraction grating (Ted Pella 604-A). 
 
Image analysis:  To align the obtained STORM and SEM images, the STORM image was 
mapped to the coordinate system of the SEM image through a two-dimensional affine spatial 
transformation (MATLAB) on the basis of corresponding features (control points). About 20 
control points were selected in each dataset for inferring an averaged, global, affine 
transformation matrix. 
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Chapter 4:  The Adventure of Spectrally-Resolved STORM 
 
The work in this chapter was conducted in collaboration with Dr. Zhengyang Zhang, Samuel 
Kenny, Dr. Wan Li, and Professor Ke Xu. It is reproduced here from ref. 78 with permission 
from all co-authors and the publisher. Copyright 2015 Nature Publishing Group. 
 

4.1  Introduction 
 
The past decade has seen remarkable advances in the complexity and resolving power of 
single-molecule methods (see Chapter 1)22. In particular, work on single-molecule 
fluorescence spectroscopy9,10 has led to both fundamental discoveries and the development 
of SRM methods such as STORM and (fluorescence) photo-activation localization microscopy 
[(F)PALM)]37-39,42,43. While these emerging SRM methods have achieved outstanding spatial 
resolution, the potentially rich spectral dimension remains largely unexplored. 
 
Measurement of the fluorescence spectra of individual molecules has been a vital component 
of single-molecule spectroscopy9,10,256-259, but one that is also highly challenging. Previous 
work has often followed the approach of a conventional spectrometer, where a combination 
of confined illumination (e.g., a scanning tip256 or focused laser beam257,258) and confined 
detection (e.g., pinhole aperture in a confocal microscope259) are used to obtain locally 
confined fluorescence of the sample for dispersion into a spectrum256-259. Such single-point 
measurements necessitate scanning of the sample, and so are limited by low throughput and 
are difficult to apply to densely labeled biological samples.  
 
A single fluorescent molecule is, in itself, a self-confined point source, and so in principle its 
emitted fluorescence can be dispersed into a spectrum in wide-field without spatial 
confinement in illumination or detection. For multiple molecules in the same sample, the 
spectrum of each molecule could be recorded simultaneously in wide-field, provided that the 
fluorophores are sparsely distributed in space to avoid overlapping. While such “slitless 
spectroscopy” is implemented in astronomy for stellar spectra260, its application to 
traditional single-molecule experiments is limited by the prerequisite of molecular 
sparseness. We show that by photoswitching most of the fluorophores in a densely labeled 
sample into a dark state37,42,43, fluorescence from the remaining emitting single molecules 
can be dispersed into non-overlapping spectra in wide-field and recorded with a camera. 
Stochastic switching of molecules between the dark and fluorescent states allowed for the 
synchronous spectrum measurement and super-localization of millions of single molecules 
within minutes. We call the method spectrally resolved STORM (SR-STORM). 
 

4.2  Results 
 
A major challenge for our wide-field spectroscopy scheme is that, unlike conventional 
spectrometers where the wavelength position of the spectrum is physically fixed by the light-
entering slit, here the spatial and spectral information of a randomly located single molecule 
are coupled. To decouple the two without sacrificing the obtained signal, we employed a 
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dual-objective scheme55 so that two matching images can be obtained for each detected 
single molecule through two opposing objectives (Figure 24A; Paths 1 and 2). The image 
obtained through Path 1 was used to determine the position of each molecule, while a 
dispersing prism was placed at the Fourier plane between the two relay lenses in Path 2 to 
generate spectra of the same molecules in wide-field. To facilitate calibration, the prism and 
associated mirrors were mounted on a translational stage so that Path 2 can be switched 
between a Spectrum Mode and an Image Mode. Spectral calibration was performed using 
several different approaches, from which similar results were obtained. 
 
Single-molecule measurements were performed on fixed and immunostained cells by 
photoswitching most of the labeled dye molecules into a non-emitting dark state and only 
allowing a small, random subset of the molecules to be in the fluorescent state at any given 
instance37,42,43. Alexa Fluor 647 (AF647), a representative STORM dye, was first investigated. 
Undispersed images and dispersed spectra of the same single molecules were 
simultaneously recorded through Paths 1 and 2 (Figure 24B,C). Measured molecules were 
switched into the non-emitting dark state and another random subset of the dye molecules 
were switched into the emitting state and measured in subsequent frames. By operating the 
camera at a frame rate of 110 Hz and achieving a comparable photoswitching rate for single 
molecules, the positions and spectra of millions of single molecules were concurrently 
obtained over the full camera frame in a few minutes.  
 
The exceptionally large number of single-molecule spectra obtained with SR-STORM allowed 
for a statistical examination of how different molecules in the sample behave. Remarkably 
similar spectra were obtained for all detected single molecules (Figure 24D). To facilitate a 
direct comparison of the emission wavelength of different molecules, we calculated the 
spectral mean258 of each single molecule as the intensity-weighted average of wavelength. A 
lilliputian standard deviation of 2.6 nm was observed in spectral mean for the 573,527 
molecules detected over 4.5 min in the sample, and the distribution was uniform across the 
camera. Larger variations are noted for dimmer molecules (Figure 24E), attributable to 
lower signal-to-noise ratios. Meanwhile, the brighter molecules (>10,000 detected photons) 
converge to an extremely small standard deviation of 1.4 nm (Figure 24E). Moreover, similar 
spectra were noted for single molecules labeled to different subcellular targets. 
 
Previous scanning-based single-molecule spectral studies reported substantial (~10 nm) 
spectral variations for single dye molecules immobilized at solid surfaces9,256-258. Similar 
effects, if they also existed in densely labeled biological samples, would forbid the reliable 
identification of single molecules of different dyes that are similar in emission spectrum. Our 
results, however, revealed very narrow distributions in immunostained cells. To generalize 
this finding, we investigated 14 far-red dyes with bulk emission peaks at ~660-700 nm, and 
for each dye measured the spectra of millions of individual molecules. Homogeneous single-
molecule spectra were noted for all dyes, with typical standard deviations of 2.5-4.5 nm in 
single-molecule spectral mean (Figure 24F). Meanwhile, substantially different single-
molecule spectra were detected for different dyes (Figure 24F).  
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Figure 24.  Ultrahigh-throughput single-molecule spectral measurement with SR-STORM. (A) 
Schematic of the setup. Two opposing objectives focus on the same spot of the sample and form 
intermediate images at slits 1 and 2, respectively. M, mirror; L, lens. (B,C) Simultaneously obtained 
images and spectra of the same single AF647 molecules. Yellow, magenta and green crosses respectively 
mark the mapped spectral positions of 647, 700 and 750 nm for each molecule. Scale bars, 2 μm. (D) 
Measured spectra of the seven molecules in (B,C). (E) Measured spectral mean of single molecules vs. the 
detected photon count of each molecule for 6,406 molecules detected across the camera in 3 s. Red 
dashed line, Gaussian fit for molecules with >10,000 detected photons. (F) Measured spectral mean for 
single molecules of 14 different far-red dyes. Error bars, s.d. between single molecules (~106 for each 
dye). 
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These results suggest that by directly resolving the spectrum of every molecule, our method 
may reliably distinguish, in labeled cells, single molecules of different dyes that differ 
minimally in emission spectrum. In combination with the concurrently obtained super-
localized positions of the molecules, we thus should be able to achieve spectrally resolved 
SRM with minimal color-crosstalk. To demonstrate this possibility, we labeled four distinct 
subcellular structures with four dyes that overlap heavily in emission spectrum (Figure 25). 
A single red laser was employed to excite all dyes and photoswitch single molecules between 
the dark and fluorescent states. To present both the spatial and spectral information of all 
(~106) measured single molecules, we plotted the super-localized position of each molecule 
in xy, and used color to denote the measured spectral mean of each molecule (Figure 25A,B). 
 
Distinct from previous multicolor STORM/(F)PALM approaches74-77 where each detected 
molecule is assigned to one of the labeled dyes and accordingly false-colored, here (Figure 
25A,B) the measured “true color” (spectral mean) of each molecule is directly plotted on a 
continuous scale of 676-720 nm, the same scale as the y-axis of Figure 24F. Remarkably, 
molecules of different dyes are readily distinguishable based on spectral mean alone (Figure 
25A,B) without a priori knowledge of the spectra of the dyes, so that distinct colors, i.e., 
purple, cyan, green, and yellow, are observed for the differently labeled structures of MT, 
microtubules, vimentin filaments, and peroxisomes, respectively. Averaging the single-
molecule spectra for each labeled, sub-diffraction-limit structure showed good agreement 
with the separately obtained single-molecule spectra of its corresponding dye (Figure 25C). 
When the spectra of all the labeled dyes are known, either from independent measurements 
or from target-averaging in the same sample (Figure 25C), it is further possible to categorize 
each detected single molecule (Figure 25D) based on a comparison of its spectrum with the 
set of known dye spectra. Separation of the four color channels showed minimal 
misidentification over the entire camera frame (Figure 25E-H and leftmost column of Figure 
26). For the dye combination here, misidentification is <2% across all four channels (Figure 
25I). 
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Figure 25.  Spectrally resolved single-molecule and super-resolution imaging. Dyomics 634, DyLight 
650, CF660C and CF680 respectively labeled peroxisomes, vimentin filaments, microtubules and the 
outer mitochondrial membrane in a fixed PtK2 cell. (A) 'True-color' super-resolution image in which 
each detected single molecule is colored according to its measured spectral mean (color bar). (B) Close-
up of boxed region in (A). (C) Averaged single-molecule spectra for different subcellular structures 
in (B) (white boxes), in comparison to the separately measured averaged single-molecule spectra of the 
four dyes. (D) Super-resolution image with each molecule being categorized and recolored; 
categorization was based on comparison of the single-molecule spectrum with the spectra of the four 
dyes. (E-H) The separated four dye channels for the same area as (B). (I) Cross-talk between dyes 
(asterisks: <10−3). Scale bars, 2 μm (A,D) and 1 μm (B,E-H). 
 
We next applied our method to 3D SRM. By introducing astigmatism into Path 1 via a 
cylindrical lens54, 3D super-localization of single molecules was achieved. Meanwhile, the 
spectral information from Path 2 was not affected. Combining the 1D spectral and 3D spatial 
information obtained for each molecule thus resulted in rich information in four dimensions 
(Figure 27). The obtained single-molecule spectra again allowed for “true-color” SRM 
(Figure 27A) and negligible misidentification between the four dye channels (Figure 27B and 
leftmost column of Figure 26), but here each molecule is super-localized in 3D. Similar 
localization precisions of ~10 nm in the lateral directions and ~20 nm in the axial direction 
were achieved for all dyes (Figure 26), on par with previous single-color results54.  
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Figure 26.  3D localization distribution for single molecules of different dyes. Clusters of localizations, 
due to either multiple dye molecules tagged to the same antibody or the repetitive activation of the same 
dye molecule, were aligned by their center of mass to generate the 3D presentation of the localization 
distribution18,22. Localizations from >100 clusters (each containing >9 localizations) are summarized 
for each dye channel from the dataset shown in the first column. Histograms of distribution in x, y, z are 
fitted to Gaussian functions (red curves), and the resultant standard deviations (σX, σY, σZ) are shown in 
each plot. (A) Dyomics 634. (B) DyLight 650. (C) CF660C. (D) CF680. Scale bars: 2 μm. 

 
Virtual cross-sections in the xy-plane (Figure 27C,D) and yz-plane (Figure 27E) helped reveal 
the relative 3D positions of the four sub-diffraction-limit structures, e.g., microtubules in 
contact with the top of a mitochondrion (Figure 27C,E), a microtubule passing at the bottom 
of a peroxisome (Figure 27E), and different layers of microtubules and vimentin filaments. 
To further verify that the super-localized positons of different dyes are aligned with each 
other in 3D, we labeled TOM20, a mitochondrial outer membrane protein, and ATP synthase, 
which should reside within MT, with CF680 and AF647, respectively. As expected, virtual 
cross sections showed that the AF647 localizations were fully enclosed by CF680 
localizations (Figure 27F). 
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Figure 27.  SR-STORM imaging in 3D. (A) 'True-color' super-resolution image of a fixed COS-7 cell 
similarly labeled as in Figure 25. The measured spectral mean of each molecule is color coded as 
in Figure 25A. (B) The separated channel of DyLight 650, color coded according to the measured 
axial z position (color bar; violet denotes closest to substrate; red denotes farthest away). (C-E) Virtual 
cross-sections, where each molecule is categorized as one of the four dyes and color coded the same way 
as Figure 25D. (C,D) Two xy cross-sections (70 nm in z) for the boxed area in a, at the top (C) and center 
(D) of the MT, respectively. (E) Vertical xz sections (150 nm in y) along the three dashed lines in (A). 
Arrows in (C,E) point to microtubules in contact with the top of a mitochondrion. Arrowhead 
in (E) points to a microtubule passing at the bottom of a peroxisome. (F) AF647-labeled ATP synthase 
(magenta) and CF680-labeled TOM20 (green) in a PtK2 cell, shown with a virtual xy cross-section (70 
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nm in z) at the center of the MT, and yz (150 nm in x) and xz (200 nm in y) cross-sections along the white 
arrows. Scale bars: 2 μm (A-D); 500 nm (E,F). 

 

4.3  Discussion 
 
Besides enabling the acquisition of single-molecule fluorescence spectra in cell samples with 
exceptionally high throughput, our capability to obtain 3D SRM images while reliably 
distinguishing fluorophores that are similar in emission spectrum provides notable 
advantages. Substantial differences in STORM/(F)PALM performance are found for 
fluorophores that differ significantly in spectrum, and to date dyes with the best 
performance cluster in the far-red range71. Sequential multicolor STORM/(F)PALM71,75 
works with ~100 nm spectral separation; fluorophores of inferior performance are 
employed, and color crosstalk of <8% is achieved71. Split-channel, ratiometric methods work 
for ~20 nm spectral separation at the expense of higher crosstalk (~20% for 4-color 
imaging)76,77. Activation-based multicolor STORM uses a single reporter dye but is limited 
by heavy crosstalk (10-20%)74. We achieved unambiguous (<2% crosstalk) identification of 
four erythraean dyes at 10 nm spectral separation, and excellent SRM performance was 
observed for all dyes. Moreover, as a single optical path is used to super-localize all 
molecules, the 3D positions of different molecules are directly obtained in the same 
coordinates, thus circumventing the challenges of aligning different color channels in 3D, as 
faced by approaches where multiple optical paths or filter sets are employed for 
localization71,75-77 . While a dual-objective design is used in this study, our method should 
also work for single-objective systems by splitting the collected signal into two optical paths, 
but at the cost of reduced signal. The application of SR-STORM to live cells, in combination 
with the design of STORM-compatible fluorophores that are spectrally responsive to local 
environments, represents exciting future challenges. 
 

4.4  Methods 
 
Optical setup:  SR-STORM was performed on a homebuilt setup (Figure 24A). Two infinity-
corrected microscope objectives (Olympus Super Apochromat UPLSAPO 100×, oil 
immersion, numerical aperture 1.40, default tube lens f = 180 mm), Objective 1 and Objective 
2, were placed opposite each other and aligned to focus on the same spot of the sample (not 
shown). Two piezoelectric actuators (DRV120 and DRV517, Thorlabs) were used to control 
the axial positions of the sample and Objective 1 with nanometer precision. Lasers at 647 nm 
(MPB Communications), 560 nm (MPB Communications), and 488 nm (Coherent) were 
coupled into an optical fiber after an acousto-optic tunable filter and then introduced into 
the sample through the back focal plane of Objective 1 using a multiband dichroic mirror 
(Di01-R405/488/561/635, Semrock). Using a translation stage, the laser beams were 
shifted toward the edge of the objective so that emerging light reached the sample at 
incidence angles slightly smaller than the critical angle of the glass-water interface. 
Fluorescence emission was collected by both objectives. Path 1: fluorescence emission 
collected by Objective 1 was focused by an achromatic lens with f = 200 mm, resulting in an 
intermediate image at Slit 1 with an effective magnification of ~111×. For 3D imaging, an f = 
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1000 mm cylindrical lens (LJ1516RM-B, Thorlabs) was placed before Slit 1 to introduce 
astigmatism54 into the obtained single-molecule images. Path 2: fluorescence emission 
collected by Objective 2 was filtered by a multi-notch filter (ZET405/488/561/640m, 
Chroma), and focused by an achromatic lens with f = 150 mm, thus resulting in an 
intermediate image at Slit 2 with an effective magnification of ~83×. The two intermediate 
images formed through Path 1 and Path 2 were cropped by Slit 1 and Slit 2 to ~8 mm in width 
and then separately projected onto two different areas of the same electron-multiplying 
charge-coupled device (EM-CCD) camera (iXon Ultra 897, Andor) through two pairs of relay 
lenses (L1-L4). Another multi-notch filter (ZET405/488/561/640m, Chroma) was installed 
on the camera. For Spectrum Mode of Path 2, an equilateral calcium fluoride (CaF2) prism 
(PS863, Thorlabs) was placed at the Fourier plane between the two relay lenses at the angle 
of minimum deviation (~0.55 rad). The intermediate image of single molecules was 
collimated by the first relay lens (L3), and the resultant parallel light was dispersed by the 
prism before being focused by the second relay lens (L4) to form spectra of single molecules 
on the EM-CCD. Two mirrors (M4 and M5) were used to steer the light after prism so that for 
the laser wavelength at 647 nm, image positions in the Image Mode and in the Spectrum 
Mode roughly matched each other. To facilitate alignment and calibration, the prism, M4, and 
M5 were mounted on a motorized linear translation stage (PT1-Z8, Thorlabs) so they can be 
readily moved in and out to switch Path 2 between the Spectrum Mode and the Image Mode.  
 
Spectral calibration:  A combination of fluorescent beads, pinhole arrays, and slits were used 
for the spectral calibration of Path 2. Dark red fluorescent beads of 20 nm dia. (F-8783, Life 
Technologies) were adsorbed to the glass coverslip at low density. The sample was mounted 
on our optical setup and illuminated with a weak 647 nm laser. Individual beads appeared 
as well-resolved diffraction-limited spots in the Image Mode and dispersed one-dimensional 
spectra in the Spectrum Mode. Narrow bandpass filters (FB700-10 and FB750-10, Thorlabs) 
were used to determine the spectral positions of 700 and 750 nm in the Spectrum Mode 
relative to the image position in the Image Mode. In a different approach, mechanical slits 
and printed photomasks with two-dimensional arrays of pinholes (not shown) were placed 
at the intermediate image plane (Slit 2), and illuminated by weak lasers at wavelengths of 
488 nm, 560 nm and 647 nm. Notch filters in the light path were removed, and the resultant 
images on the EM-CCD were consecutively recorded in the Image Mode and Spectrum Mode 
to allow for determination of the positional shift for different laser wavelengths. Results from 
these three different methods generated similar calibration curves that were well fitted by a 
third-order polynomial equation. To correct for wavelength-dependent variations in the 
responsivity of the detection system261, a quartz tungsten halogen lamp (Model 6319, 
Newport) was used to illuminate a narrowed Slit 2. The recorded broadband spectrum in the 
Spectrum Mode of Path 2 was subtracted by a smoothed curve to generate the wavelength-
dependent correction factor, which was used to correct all measured spectra in this study. 
Similar heteroclite features are observed for different dyes, e.g., dips at ~690 nm and ~720 
nm, in agreement with the drop in responsivity at corresponding wavelengths. Spectral-
mean distributions were only minimally affected by this correction. While the presence (and 
incomplete removal) of such effects is undesirable, the observation that the dip features align 
well between different data sets reflects good wavelength registration in our experiments. 
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Cell culture, fixation, and immunofluorescence labeling:  COS-7 and PtK2 cells (ATCC) were 
cultured following standard tissue culture protocols (mycoplasma regularly tested), and 
plated on 12 or 18 mm dia., #1.5 coverglass at ~30% confluency. After 24 h, cells were fixed 
using a solution of 4% paraformaldehyde in phosphate buffered saline (PBS), or 3% 
paraformaldehyde and 0.1% glutaraldehyde in PBS followed by two washes with 0.1% 
sodium borohydride in PBS. Cells were blocked and permeabilized in blocking buffer (3% 
bovine serum albumin with either 0.5% Triton X-100 or 0.02% saponin in PBS), followed by 
overnight incubation at 4 °C in primary antibody solution, washed three times, and then 
incubated for 45 min at room temperature in secondary antibody solution. Primary 
antibodies used were rat anti-α-tubulin (MAB1864, Millipore), chicken anti-vimentin 
(AB5733, Millipore), rabbit anti-TOM20 (sc-11415, Santa Cruz Biotech), mouse anti-PMP70 
(SAB4200181, Sigma), and mouse anti-ATPB (ab14730, Abcam), which should label 
microtubules, vimentin intermediate filaments, the outer membrane of MT, peroxisomes, 
and ATP synthase at the inner mitochondrial membrane, respectively. Secondary antibodies 
(Jackson ImmunoResearch) were labeled via reaction with NHS esters of selected dyes to 
achieve a 1:1 dye-to-antibody labeling ratio. Examined dyes were Alexa Fluor 647 and Alexa 
Fluor 660 (Invitrogen), Cy5 and Cy5.5 (GE healthcare), Cyanine 5 (Lumiprobe), CF647, 
CF660C, and CF680 (gifts from Biotium), Dyomics 634, Dyomics 649P1, and Dyomics 654 
(Dyomics), and DyLight 635, DyLight 650, and DyLight 679 (Thermo Scientific). Spectrally 
resolved single-molecule imaging was performed in standard STORM imaging buffer that 
contained 5% (w/v) glucose, 100-200 mM cysteamine, 0.8 mg/mL glucose oxidase, and 40 
µg/mL catalase, in Tris-HCl (pH 7.5 or pH 8.0). ~4 µL of imaging buffer was dropped at the 
center of a freshly-cleaned, #1.5 rectangular coverslip (24 mm by 60 mm), and the sample 
coverslip was mounted on the rectangular coverslip and sealed with nail polish or Cytoseal 
60. 
 
Spectrally resolved single-molecule imaging:  Dye-labeled cell samples were mounted on the 
setup and illuminated only by a 647-nm laser at an intensity of ~2 kW cm−2, which excites 
the dye molecules and also photoswitches most of them into a non-emitting dark state37,42,43. 
At any given instant, only a small, optically resolvable subset of the fluorophores in the 
sample were activated, by the same 647-nm laser, back to the fluorescent, emitting state. 
Fluorescence from the emitting single molecules was recorded through both Path 1 and Path 
2 before the molecules were again photoswitched to the dark state or photobleached, and a 
random, new subset of the fluorophores in the sample were activated to the emitting state. 
The EM-CCD camera acquired images from both Paths simultaneously and continuously at a 
frame rate of 110 Hz, which matched well with the photoswitching rate of single molecules 
in our experiment (on average, each detected single molecule emitted for 1.7-2.5 frames 
before being switched into the dark state for most of the dyes examined in this study). To 
map the coordinates of Path 1 and Path 2, a short movie of a few hundreds of frames were 
first recorded when the dispersing prism was removed from Path 2 (Image Mode), or when 
the dispersing prism was inserted into Path 2 (Spectrum Mode) but with the addition of a 
narrow bandpass filter centered at 689.3 nm (ZET690/10x, Chroma). Spectrally resolved 
single-molecule imaging was then performed with Path 2 in the Spectrum Mode without the 
narrow bandpass filter, so that the undispersed images and the dispersed spectra of the same 
single molecules were simultaneously recorded through Path 1 and Path 2, respectively 



69 
 

(Figure 24B,C). 30,000-80,000 frames of images were typically recorded to generate the final 
SRM image, which, after analysis (below), enabled the determination of the positions and 
spectra of ~106 single molecules within minutes. Increased number of frames would lead to 
more single-molecule spectra at the expense of longer imaging time. 
 
Data analysis:  Recorded data were first split into two movies, each of which comprised a 
series of images obtained by Path 1 and Path 2, respectively. Single-molecule images were 
super-localized in 2D or 3D as described previously. The super-localized positions of single 
molecules in the initial short movies were used to map the coordinates of Path 1 and Path 2 
via two different approaches that led to similar results. In one approach, the initial short 
movie was recorded with Path 2 being in the Image Mode. To analyze the subsequent 
spectral measurement data, the super-localized positions of single molecules in Path 1 were 
first projected to the coordinates of the Image Mode of Path 2 based on mapping functions 
generated from the initial short movie, and the resultant positions were projected again from 
the coordinates of Image Mode of Path 2 to the coordinates of the Spectrum Mode of Path 2 
for a fixed wavelength (700 nm) basing on the aforementioned calibration results obtained 
via fluorescent beads. In an alternative approach, the initial short movie was recorded with 
Path 2 in the Spectrum Mode with a narrow bandpass filter centered at 689.3 nm. To analyze 
the subsequent spectral measurement data, the super-localized positions of single molecules 
in Path 1 were projected to the coordinates of the Spectrum Mode of Path 2 for the fixed 
wavelength of 689.3 nm based on mapping functions generated from the initial short movie. 
The spectrum of each molecule was obtained based on the mapped position of either 700 nm 
or 689.3 nm emission in the Spectrum Mode of Path 2 and the spectral calibration curve. 
Overlapping spectra were rejected. For molecules that lasted for more than one frame, the 
super-localized positions and measured spectra in consecutive frames were combined. The 
spectral mean of each molecule is calculated through the intensity-weighted averaging of 
wavelength for the measured single-molecule spectrum and presented on a continuous color 
scale to generate “true-color” SRM images. For categorization of each molecule when the 
spectra of all dyes in the sample were known [either from separate measurements or from 
target-averaging (Figure 25C)], the measured spectrum of a single molecule was compared 
with the spectrum of each known dye by calculating the Pearson product-moment 
correlation coefficient for the intensity-wavelength relationship. The single molecule was 
then assigned to the dye that resulted in the highest correlation coefficient. 
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Chapter 5:  A Case of Graphenic Nanomaterials 
 
The correlative SRM methods described in the preceding chapters (nor any analytical 
method, to be frank) were not developed solely for academic gratification, but also to see 
them applied to the study of physical, chemical, and biological systems in order to answer 
unresolved scientific questions. In the succeeding chapters, we describe the employment of 
SRM (along with other imaging modalities, where applicable) to answer fundamental 
research questions in the areas of abiotic materials systems. 
 
The project detailed in the following section is derived from a manuscript written in 
collaboration with Dharati Joshi and Professor Felix Fischer, in progress as of December, 
2017262. In particular, all synthetic steps of Cy5-GNRs and Cy5-CNTs were performed by 
Dharati Joshi in the lab of Professor Felix Fisher. 
 

5.1  Introduction 
 
Graphene nanoribbons (GNRs) are emerging, carbon-based functional materials that may 
prove useful for advanced electronic devices due to their unique electronic and chemical 
properties. For instance, unlike graphene, GNRs present with a band gap, making them ideal 
candidates for organic semiconductors263-266. Additionally, GNRs can be synthesized with 
atomically precise control using a “bottom-up” approach from small molecule precursors, 
allowing them to be rationally designed. GNRs synthesized through this total synthesis 
approach have tunable electronic and chemical properties267-270. In particular, rational 
design allows for the introduction of various functionalities to the GNR, such as shaping 
different edge structures and controlling the size of the ribbons. 
 
In spite of this customizable functionality, a continuing challenge in GNR research is the 
difficult, time-consuming, and low-throughput manner in which single GNRs are visualized 
and characterized once deposited onto a substrate. Commonly employed microscopy 
methods such as AFM265,271-273, scanning tunneling microscopy (STM)274,275, TEM265,272,273, 
and SEM272,273 suffer from these drawbacks. Moreover, these techniques often place 
stringent requirement on substrates and imaging conditions. For example, as GNRs are 
single layers of carbon atoms, AFM is only compatible with atomically flat substrates like 
mica or graphite. TEM requires that the sample be suspended or on an atomically thin 
support. SEM and STM impose the need for conductive surfaces. Thus, none of the currently 
used methods are suitable for imaging on the nonconductive substrates that must be used in 
the fabrication of useful electronic devices. Furthermore, SEM, TEM, and STM often require 
ultra-high vacuum, as well as the sophisticated instrumentation that accompany it. 
 
Optical microscopy provides an attractive alternative for its ease of use, ambient operating 
conditions (see Chapter 1), as well as its general applicability to nonconductive, simple 
substrates such as glass. As discussed previously, although the resolution of light microscopy 
was traditionally limited by the diffraction of light to ~300 nm, this barrier has been 
overcome in the past decade with the advent of SRM23,27. While the primary application of 
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SRM has been toward elucidating nanoscopic structures and interactions in biological 
specimens, its application to materials systems is beginning to be explored175,276-281. For 
carbon-based nanomaterials, SRM imaging of the quenching effect of graphene on a 
fluorescent substrate has enabled high-resolution characterization of the outlines of 
graphene flakes175. However, highly specialized substrates are required, and the negative 
signal due to quenching limits image contrast.  
 
By developing new strategies to directly functionalize GNRs and carbon nanotubes (CNTs) 
with SRM-compatible fluorescent dyes, we optically resolved and characterized the 
structure of single GNRs and CNTs on glass substrates at ~50 nm resolution through SRM. 
To achieve this, we describe an approach that allows for late-stage functionalization of the 
GNRs after graphitization by synthesizing an azide-labeled clickable GNR. Such a method 
provides the versatile capability to incorporate any functionality onto the backbone of the 
GNR after graphitization. In particular, we conjugated a representative cyanine dye, Cy5, to 
enable SRM for a high-throughput, facile alternative to the current imaging methods used for 
graphenic nanomaterials. 
 

5.2  Results 
 

5.2.1  Synthesis of GNRs   
 

Solution-synthesized GNRs all rely on polymerization, usually at high temperatures, 
followed by cyclodehydrogenation via the harsh oxidative Scholl reaction. Due to these 
extreme conditions, the functionalities that can be incorporated into the GNR backbone are 
limited to the few chemical groups that are oxidatively stable282-284. Therefore, GNRs with 
more exotic functionalities cannot be accessed. A clickable GNR provides a route by which 
any functional group can be incorporated after graphitization. Clicking on an alkyne-labeled 
photoswitchable dye to an azide-labeled GNR (N3-GNR) provides a method by which to 
install the dye post-graphitization. Our collaborators successfully synthesized a monomer 
with the azide label that can be polymerized into a full GNR. The synthesis of monomer 1 is 
depicted in Scheme 1.  
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Scheme 1.  Synthesis of monomer 1. 

 
Synthesis of the clickable N3-GNR and its subsequent click reaction to yield Cy5-GNR are 
outlined in Scheme 2. Due to their tubular structure, CNTs are slightly more processable than 
GNRs because they have reduced aggregation. Additionally, due to their more rigid structure 
compared to GNRs and their long lengths (1 to 5 μm), they made ideal model systems for 
STORM and SRRF.  Thus, a cyanine labeled SWCNT, Cy5-CNT was prepared (box in Scheme 
2).  
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Scheme 2.  Synthesis of Cy5-GNR from monomer 1 via clickable N3-GNR; boxed region shows structural 
representation of Cy5-CNT. 
 

5.2.2  Characterization of GNRs and CNTs   
 
Raman spectroscopy of Cl-GNR, N3-GNR, and Cy5-GNR all show the characteristic D and G 
bands that are consistent with the formation of extended GNRs266,283,285 (Figure 28A). Raman 
spectroscopy of the Br-CNT, N3-CNT, and Cy5-CNT all have strong G peaks, associated with 
CNTs, as well as a smaller D peak, indicative of functionalization onto the CNT backbone286 
(Figure 28B). Infrared spectroscopy indicates the presence of azide moieties for the N3-GNR 
and N3-CNT from the emergence of a new peak corresponding to the azide stretch at 2095 
cm-1 and 2092 cm-1, respectively287 (Figure 28C,D). Fluorescence spectroscopy and UV-Vis 
spectroscopy clearly show the successful functionalization of the GNRs and CNTs with Cy5 
via the Click reaction (Figure 28E,F). The fluorescence excitation and emission spectra of 
Cy5-GNR and Cy5-CNT correlate well that of free Cy5. The excitation maxima were 649 nm, 
645 nm, and 648 nm for the Cy5-GNR, Cy5-CNT, and Cy5, respectively. The emission maxima 
were 674 nm, 671 nm, and 671 nm for the Cy5-GNR, Cy5-CNT, and Cy5, respectively. The 
free Cy5 has a maximum UV-Vis absorbance at 649.5 nm. When covalently linked to the 
graphenic nanomaterials, the absorption of the dye is slightly red shifted as seen by the 
shoulder around 662.5 nm and 653.0 nm for the Cy5-GNR and Cy5-CNT, respectively. 
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Figure 28.  Characterization of bulk Cy5-labeled GNRs and CNTs. (A) Raman spectra of Cl-GNR, N3-GNR, 
and Cy5-GNR. (B) Raman spectra of unfunctionalized SWCNTs, Br-CNT, N3-CNT, and Cy5-CNT. (C) FTIR 
spectral regions for Cl-GNR and N3-GNR showing emergence of azide stretch at 2095 cm-1. (D) FTIR 
spectral regions for Br-CNT and N3-CNT showing emergence of azide stretch at 2092 cm-1. (E) 
Fluorescence excitation and emission spectra of Cy5-GNR, Cy5-CNT and free Cy5 in NMP. Cy5-GNR, Cy5-
CNT, and Cy5 were excited at 648 nm and the emission was measured at 669 nm. (F) UV-Vis spectra of 
Cy5-GNR, Cy5-CNT and free Cy5 in NMP. 

 

5.2.3  SRRF of Cy5-GNRs 
 
For SRM characterization of the synthesized Cy5-GNRs, an acetone suspension was spin-
coated onto silanized, hydrophobic glass coverslips. Raman spectroscopy confirmed 
successful deposition of the GNRs (data not shown). By controlling the suspension 
concentration and spin rate, isolated GNRs were well-spread across the glass surface. Using 
a 647 nm laser of low intensity (~2 mW/cm2), we first realized conventional, diffraction-
limited FM for the GNRs under an epifluorescence scheme. Individual Cy5-GNRs laid flat on 
the glass surface, and appeared as fluorescent strings up to 20 µm in length (Figure 30). 
Cross-sectional fluorescence intensity profiles of individual GNRs show apparent FWHM of 
~300 nm (orange curves in Figure 30C,F), in agreement with the diffraction limit of 
resolution given the relatively long emission wavelength of Cy5 (~700 nm).  
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For SRM imaging, the power of the 647 nm laser was significantly increased to ∼2 kW/cm2, 
and the imaging buffer contained a thiol to assistant the photoswitching/blinking of Cy5 
molecules (Chapter 5.4). Ideally, such conditions should switch a majority of the labeled Cy5 
molecules into a non-fluorescent dark state, so that the remaining emitting molecules are 
sparsely distributed across the view to enable single-molecule localization, as routinely 
achieved in STORM of biological samples37,42,47. Unexpectedly, although the measured bulk 
fluorescence excitation and emission spectra of Cy5-GNR were nearly identical to that of free 
Cy5 (Figure 28A), photoswitching characteristics of singe molecules were quite different for 
the GNR-conjugated Cy5. Most molecules could not be efficiently switched to a dark state, so 
that heavy overlapping of the emission from different individual Cy5 molecules always 
occurred along the GNRs. This effect, which could be due to energy coupling between the 
GNR and Cy5 molecules, prevented us from performing single-molecule localization analysis 
as in STORM. 
 
Although we did not attain single-molecule switching, substantial temporal fluorescence 
intensity fluctuations were achieved along the GNRs. This allowed us to realize SRM through 
analysis methods that leverage the temporal correlation of images collected in different 
frames, e.g., super-resolution optical fluctuation imaging (SOFI)288 and super-resolution 
radial fluctuations (SRRF)289 (see Figure 29). Figure 30B,E shows SRRF images of two 
distinct, lissome Cy5-GNRs corresponding to the diffraction-limited images in Figure 30A,D, 
respectively. Similar apparent FWHM widths of ~50 nm were found for the intensity profiles 
of both GNRs. Considering that the actual widths of Cy5-GNRs are expect to be ~10 nm, the 
~50 nm apparent width, which was relatively uniform along each Cy5-GNR and across 
different Cy5-GNRs, reflects the optical resolution we achieved. This value represents a ~6-
fold improvement over the resolution of the diffraction-limited images, close to the known 
resolution limit of SRRF289.  
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Figure 29.  Principles of SOFI and SRRF imaging. (A) Emitter distribution in the object plane. Each 
emitter exhibits fluorescence intensity intermittency, which is uncorrelated with all others. (B) 
Magnified detail of the dotted box in (A). The signal from the emitter fluorescence distribution is 
convolved with the system’s PSF and recorded on the pixels of a camera. Two neighboring emitters, for 
example, cannot be resolved because of the optical diffraction limit. The fluctuations are recorded in a 
movie. (C) Each pixel contains a time trace, which is composed of the sum of individual emitter signals. 
(D) In SOFI, improved resolution can be derived from computing higher order cumulants. In SRRF, 
resolution gains are achieved from continuous interpolation of the radiality field. (E) The final SRRF (or 
SOFI) intensity value assigned for each pixel depends on the original brightness and the correlation of 
fluorescence fluctuations in the pixel, leading to sub-diffraction images. Background tends to be poorly 
correlated and so significant gains in contrast can be made. Image adapted from ref. 288. 
 
In addition to the relatively simple geometries shown in Figure 30A,B,D,E, SRM also helped 
resolve complicated structures. Figure 30G-J shows an example in which SRRF revealed finer 
structural details of bundles of tangled GNR gossamers when compared to the diffraction-
limited images. The cross-sectional intensity profile for the diffraction-limited, zoomed-in 
region outlined in green (Figure 30I) gave a single peak with apparent FWHM of 665 nm 
(orange curve in Figure 30K). In contrast, the corresponding SRRF image reveals two parallel 
GNRs (Figure 30H,J), and the cross-sectional intensity profile (magenta curve in Figure 30K) 
shows two well-separated peaks at 98 nm center-to-center distance with FWHMs of 80 nm 
and 75 nm. These details are not resolvable in the corresponding conventional image, thus 
establishing that our approach can distinguish structural features at least this distance apart, 
well below the resolution limit imposed by the diffraction of light.  
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Figure 30.  SRM characterization of Cy5-GNRs. (A,B) Diffraction-limited (A) and SRRF (B) images of one 
Cy5-GNR. Scale bars: 1 μm. (C) Fluorescence intensity profiles along the dashed lines in (A) (orange) and 
(B) (magenta). Scattered dots: experimental data; curves: Gaussian fits. The FWHMs of the diffraction-
limited and SRRF curves are 309 nm and 52 nm, respectively. (D,E) Diffraction-limited (D) and SRRF (E) 
images of another Cy5-GNR. Scale bars: 1 μm. (F) Fluorescence intensity profiles taken along the dashed 
lines in (D,E), for the corresponding diffraction-limited (orange) and SRRF (magenta) images. FWHM 
of the curves are 342 nm and 45 nm, respectively. (G-K) Resolving adjacent Cy5-GNRs in bundles. 
Diffraction-limited (G) and SRRF (H) images of a bundle of Cy5-GNRs. Scale bars: 2 μm. (I) Zoom-in of 
green boxed region in (G); (J) Zoom-in of yellow boxed region in (H). Scale bars: 1 μm. (K) Fluorescence 
intensity profile for the orange dashed line in (I) appears as a single peak with a FWHM of 665 nm. In 
contrast, intensity profile from SRRF show two distinct peaks 98 nm apart with FWHMs of 80 nm and 
75 nm.  
 

5.2.4  SRRF of Cy5-CNTs   
 
We also realized SRM for the Cy5-CNTs. As the synthesized Cy5-CNTs were well dispersed in 
water, we spin-coated from an aqueous suspension onto unfunctionalized, hydrophilic glass 
coverslips. The photoswitching behavior of CNT-conjugated Cy5 was overall better than Cy5-
GNR, so that good single-molecule switching and localization were achieved for a fraction of 



79 
 

the Cy5-CNTs we investigated (see Figure 32A,B for representative frames). For results 
where the photoswitching still did not allow for reliable localization of single molecules, with 
SRRF we achieved results comparable to that of Cy5-GNR, so that typical apparent widths 
were ~50 nm (Figure 31A-C). Analogous to the results in Cy5-GNRs, we found that individual 
nanotubes within large, labyrinthine bundles are well-resolved when separated by >~100 
nm (Figure 31D-H).  
 

 
Figure 31.  SRM characterization of Cy5-CNTs. (A,B) Diffraction-limited (A) and SRRF (B) images of the 
same Cy5-CNT. Scale bars: 2 μm. (C) Intensity profiles along the dashed orange and magenta lines in (A) 
and (B), respectively. Scattered dots: experimental data; curves: Gaussian fits with resultant FWHM of 
315 nm (orange) and 46 nm (magenta). (D,E) Diffraction-limited (D) and SRRF (E) images of a large 
bundle of Cy5-CNTs. Scale bars: 2 μm. (F,G) Zoomed-in images of the green and yellow boxed regions in 
(D,E), respectively. Scale bars: 500 nm. (H) Intensity profiles along the dashed orange and magenta lines 
in (F,G), respectively. While the diffraction-limited image shows a single peak with a FWHM of 496 nm, 
the SRRF image resolves two distinct peaks 102 nm apart with FWHMs of 88 nm and 74 nm. 

 

5.2.5  STORM of Cy5-CNTs 
 
STORM analysis was performed for samples in which single-molecule fluorescence was well-
resolved (Figure 32). The thinnest apparent FWHM width achieved was 55 nm. Although 
~7x better than the diffraction-limited images, this resolution is 2-fold inferior to that 
typically obtained in STORM of biological samples37. Histograms of the fluorescence intensity 
of single molecules in the Cy5-CNT samples (Figure 32E) showed ~4-fold lower intensity 
when compared to that of free Cy5 molecules or Cy5 conjugated to biomolecules37,71. As the 
resolution of STORM is inversely proportional to the square-root of the number of photons 
collected from each molecule, this 4-fold lower intensity difference, which is likely due to an 
energy transfer mechanism between the CNT and Cy5 moieties, explains the 2-fold 
difference in resolution.  
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Figure 32.  2D-STORM characterization of Cy5-CNTs. (A,B) Representative single-molecule localization 
images used to construct the final STORM image, (C). (D) Fluorescence intensity profiles of Cy5-CNTs 
indicated by dashed lines in (C). The thicker bundle (magenta dashed line) has a width of ~65 nm (white 
histogram), while the structure oriented perpendicular to it (dark blue dashed line) is a thinner ~55 nm 
in width (cyan histogram). (E) Photon count for each single molecule used to construct the entire image 
in (C). The peak is ~4x smaller than that typical for free Cy5 or Cy5 conjugated to antibodies, suggesting 
energy transfer between the Cy5 and CNT molecules. (F) Diffraction-limited epifluorescence image of a 
bundle of Cy5-CNTs. (G) STORM image of the same bundle. (H) Zoom-in of (G) showing two closely 
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associated structures. (I) Line width profile of the two bundles outlined in magenta, each with width 
~130 nm, and separated by a distance of 181 nm. Scale bars: (A-C,F,G): 1 μm; (H): 500 nm. 

 

5.3  Discussion 
 
SRM offers a new and facile method by which to characterize the spatial features and 
tortuosity of novel materials in ambient environmental conditions. Despite lack of complete 
photoswitching of the conjugated cyanine dye in the case of all GNRs and some CNTs, we 
found that temporal fluctuations in fluorescence intensity were sufficient to resolve the 
nanoscale morphologies of GNRs and CNTs, as well as bundles of these carbon allotropes, 
with up to 45 nm resolution. These results highlight the robustness of SRM for imaging very 
fine structures such as these, even in the presence of photophysical aberrations. 
Significantly, this SRM imaging was carried out under less stringent conditions than those 
needed for conventional techniques used to characterize graphene derivatives (i.e., AFM, 
SEM, TEM, and STM). The lack of vacuum, lack of need for a conductive or ultra-flat substrate, 
relatively large imaging field of view, and high contrast from fluorescence labeling ensured 
that imaging was high-throughput and facile. We expect that the method described herein 
will aid the development and characterization of electronic devices that exploit the unique 
properties of GNRs and CNTs.  
 

5.4  Methods 
 
Sample preparation for imaging:  Cy5-GNRs were dispersed in acetone at 0.1 mg/mL by 
probe sonication for 30 minutes, and subsequently spin-coated at 5000 rpm onto glass 
coverslips functionalized with chlorotrimethylsilane (Alfa Aesar A13651). Cy5-CNTs were 
dispersed at 0.1 mg/mL in deionized water by probe sonication for 30 minutes, and then 
spin-coated at 5000 rpm onto unfunctionalized glass coverslips. The samples were then 
mounted onto a glass side with a Tris-Cl imaging buffer (pH 7.5) containing 100 mM 
cysteamine, 5% glucose, 0.8 mg/mL glucose oxidase, and 40 μg/mL catalase. 
 
SRRF imaging:  Epifluorescence microscopy and SRM imaging were performed on a 
homebuilt setup118 based on a Nikon Eclipse Ti-E inverted optical microscope using an oil-
immersion objective (Nikon CFI Plan Apochromat λ 100×, numerical aperture = 1.45, 1.5x 
magnification). Laser at 647 nm (MPB Communications) was coupled into an optical fiber 
after an acousto-optic tunable filter and then introduced into the sample through the back 
focal plane of the objective via a dichroic mirror (ZT640rdc, Chroma). Using a translation 
stage, the laser beam was shifted toward the edge of the objective so that emerging light 
reached the sample at an incidence angle close to the critical angle of the glass-water 
interface to achieve total internal reflection. Continuous illumination of 647-nm laser was 
used to excite fluorescence from Cy5 molecules. Emission was filtered by a long-pass 
(ET655lp, Chroma) and a short-pass (ET700/75m, Chroma) filter, and recorded with an EM-
CCD (electron-multiplying charge-coupled device) camera (iXon Ultra 897, Andor) at 110 
frames per second for a frame size of 256×256 pixels. Effective image pixel size was 160 nm 
or 107 nm (when using the 1.5x further magnification on the microscope). Diffraction-
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limited images were first taken at typical illumination intensities of ~2 mW cm−2. SRM raw 
data were then taken at typical illumination intensities of ∼2 kW cm−2 for 20,000 frames.  
 
Image analysis:  SRRF analysis was performed using a published ImageJ plugin289. Algorithm 
was temporal radiality auto-cumulant order 2 (TRAC2), and optimized parameters were ring 
radius of 0.5, radiality magnification of 6, 6 axes in ring, with intensity weighting, and without 
renormalization. Approximately 4,000 frames were used to construct the final SRRF image. 
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Part III:  SRM and Biology 
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Chapter 6:  The Sign of the Four Neurogenic Cells 
 
The potential of SRM is perhaps strongest in the realm of cell biology. The ability to elucidate 
nanoscale structures for the first time is now not only achievable, but downright routine, and 
the application of these microscopies to biological systems has yielded fecund results. The 
remainder of this dissertation is devoted to the study of nanoscale structures in cells of great 
clinical significance. 
 
The following chapter is adapted from a manuscript written together with Rui Yan, Nicole A. 
Repina, Dr. Wan Li, Professor David Schaffer, and Professor Ke Xu, and is in progress as of 
December, 2017290. 
 

6.1  Introduction 
 
The unexpected discovery57 of a highly structured and periodic membrane cytoskeleton in 
neurons via SRM27,291 has recently kindled great research interest in the ultrastructure and 
function of the membrane cytoskeleton in the central nervous system (CNS)57,292-301. While 
initially noted in neuronal axons as adducin-capped actin rings connected by spectrin 
tetramers to form a periodic, one-dimensional lattice of ~180-190 nm (see Figure 7 and 
previous discussion)57, related periodic and quasi-periodic cytoskeletal structures have also 
been observed in mature dendrites293,301 and certain glial cell types296,297,300. Such periodic 
nanoscale structures are markedly different from the traditional view of the actin-based 
cytoskeleton in common mammalian cell types (e.g., bundles and branched filaments in 
fibroblasts and epithelial cells)55,239,302,303, as well as the classic spectrin-actin cytoskeletal 
system in erythrocytes (2D triangular lattice of ~30 nm long actin filaments connected by 
spectrin tetramers)304-307. Key questions remain as to what the common denominator is for 
cells that exhibit such periodic arrangements, how such states are achieved in the course of 
development, and what functions the periodic cytoskeleton may carry beyond the current 
discussions centered around the axon initial segment (AIS)57,299 and the nodes of Ranvier300.  
 
While previous studies have examined the development of the periodic spectrin-actin 
cytoskeleton during the growth/regrowth of neurites for terminally differentiated neurons 
in dissociated hippocampal neuronal cultures57,292,301, in vivo neurons and their supporting 
cells usually develop directly from stem/progenitor cells. For example, adult hippocampal 
neural stem cells (AHNSCs) (also known simply as NSCs) in the subgranular zone of the adult 
mammalian hippocampus can both proliferate with preserved multipotency and 
differentiate into all major neural cell types in the central nervous system (CNS), including 
neurons, astrocytes, and oligodendrocytes (OLs)308,309. Consequently, they play crucial roles 
in the proper function of the brain and hold great potential for the treatment of neurological 
injuries and diseases. 
 
Using 3D-STORM37,54, here we resolve the membrane cytoskeleton in undifferentiated rat 
NSCs, as well as NSC-derived neurons, astrocytes, and OLs. We unveil that the 
undifferentiated NSCs are capable of forming patches of locally periodic actin/spectrin/ 
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adducin cytoskeleton structures both at the two-dimensional membranes of the cell bodies 
and at the one-dimensional membranes of processes, and such periodic structures become 
more prominent as the NSCs differentiate into all terminal cell types. Moreover, we report a 
striking structural alignment of the periodic membrane cytoskeleton between abutting cells 
at axon-axon and axon-glial contact sites, and identify two adhesion molecules, neurofascin 
and L1CAM, as being periodically positioned, and hence likely candidates to mediate this 
cytoskeletal alignment at the nanoscale. Together, our results indicate that a highly 
conserved periodic structural motif serves as a unique scaffold and ruler to mediate the 
interactions between different cell types of the NSC lineage. 
 

6.2  Results 
 

6.2.1  The actin, spectrin, and adducin cytoskeleton of undifferentiated rat NSCs forms 
patches of 2D and 1D periodic patterns 
 
Nestin-positive NSCs were isolated from adult rat hippocampi for in vitro culture310,311. 
Figures 33 and 34 display representative 3D-STORM images of the phalloidin-labeled actin 
cytoskeleton of undifferentiated NSCs. Here, color was employed to present the height (z) 
dimension54. Due to the relatively shallow working depth range of 3D-STORM (~800 nm)54, 
our images often captured the bottom/ventral side of the membrane cytoskeleton, whereas 
the top/dorsal membrane cytoskeleton rapidly rose in height to the point where it was 
outside of the focal range (e.g., inset of Figure 33A).  
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Figure 33.  The actin cytoskeleton of undifferentiated rat NSCs is characterized by locally periodic 
patterns at the nanoscale. (A) 3D-STORM image of the phalloidin-labeled actin cytoskeleton of an 
undifferentiated NSC. Color is used to present the height (z) information (color bar). Scale bar: 2 μm. 
Inset: Virtual cross-section of the 3D-STORM data in the xz plane along the white dotted line. (B) Zoom-
in of the orange box in (A). Scale bar: 1 μm. (C,D) Additional representative 3D-STORM images of the 
actin cytoskeleton of NSCs. Scale bars: 1 μm. (E) 1D autocorrelation along the boxed strips in magenta 
and blue in (B). (F) Autocorrelation along the boxed strip in (D). 

 
Interestingly, whereas the protruding edges of the NSCs were dominated by dense networks 
of actin filaments (magenta arrows in Figure 33A,C), sparsely distributed, semi-regular 
lattice patterns of dot-like actin were observed across other parts of the cell membrane, 
including both the cell body (Figures 33A-C and 34) and cell processes (Figure 33D). The 
lattice patterns appeared as micrometer-sized patches that interspersed with flower-like 
filament clusters (Figures 33B and 34) and long filaments and bundles (Figures 33C,D and 
34). Such intriguing structures were not resolvable with diffraction-limited conventional FM. 
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Figure 34.  Additional data of the actin cytoskeleton of undifferentiated NSCs. Scale bars: 2 μm (A,C); 
1 μm (B,D). 
 
The dense actin networks at the protruding edges and the long filaments and bundles 
observed in the cell body were similar to those typically found in common fibroblasts and 
epithelial cells55,239,302,303. The sparse, dot-like lattice arrangement of actin, on the other 
hand, suggests an ultrastructure related to the prototypical membrane cytoskeleton of the 
erythrocyte, in which actin exists as sparsely distributed, short (~30 nm) filaments 
connected by rod-like spectrin tetramers to form a two-dimensional (2D) polygonal 
lattice304-307. Recent work showed that actin, spectrin, and associated proteins form a 1D 
linear lattice with a well-defined 180-190 nm periodicity in neuronal processes57,292-301. We 
found that the dot-like actin lattices in the NSCs contained both 2D polygonal and 1D linear 
arrangements (Figure 33A-D). Notably, periodically arranged, short (~1 µm) 1D strips were 
often observed across the membrane (magenta, blue, and red boxes in Figure 33B,D). One-
dimensional autocorrelations57,292 along the lengths of the strips (Figure 33E,F) showed 
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repeating peaks at multiples of 180-190 nm with high magnitudes, indicating that the actin 
adopted an ordered 1D arrangement of 180-190 nm periodicity in these regions. 
 
To determine if the semi-ordered actin patches and strips in NSCs were indeed due to a 
spectrin-connected network, we next performed 3D-STORM for immunolabeled adducin, a 
protein that caps short actin filaments and mediates their binding to spectrin57,312, as well as 
the C-terminus of βII spectrin, which corresponds to the centers of spectrin tetramers57,304-

307. Patches of semi-ordered clusters were observed for both targets across the NSC 
membrane for both cell body and processes (Figures 35 and 36), and lowered labeling 
density was noticed in protruding edges (Figure 36). Locally periodic 1D strips were 
observed for both targets (orange and magenta boxes in Figure 35B,C), for which 1D 
autocorrelations showed repeating peaks at multiples of ~180 nm (Figure 35D). These 
results are consistent with the actin ultrastructure we observed (Figures 33 and 34): we thus 
unveil that in the undifferentiated NSCs, the membrane cytoskeleton in cell protrusions is 
dominated by dense actin networks, similar to common cell types, whereas in the cell bodies 
and processes actin, spectrin, and adducin assemble into patches of semi-ordered networks 
characteristic of erythrocytes and neurons.  
 

 
Figure 35.  Adducin and spectrin in undifferentiated rat NSCs are characterized by locally periodic 
patterns commensurate with the observed actin lattice. (A) 3D-STORM image of immunolabeled 
adducin for an undifferentiated NSC. Scale bar: 2 μm. Inset: Virtual cross-section of the 3D-STORM data 
in the yz plane along the white dotted line. (B) Zoom-in of the ventral/bottom membrane for the red box 
in (A). Scale bar: 1 μm. (C) 3D-STORM image of immunolabeled βII spectrin (C-terminus) at the 
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ventral/bottom membrane of an undifferentiated NSC. Scale bar: 1 μm. (D) One-dimensional 
autocorrelations along the boxed strips in orange and magenta in (B) and (C). 

 

 
Figure 36.  Additional data of periodic adducin in undifferentiated NSCs. Scale bars: 2 μm. 
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6.2.2  The membrane cytoskeleton of NSC-derived neurons, astrocytes, and OLs is 
characterized by 1D periodicity 
 
We next examined fully-differentiated NSCs induced by retinoic acid and fetal bovine serum 
for 10-14 days. As expected, NSC-derived neurons (Figure 37) showed highly ordered, 1D 
periodic ring-like structures for the membrane cytoskeleton, similar to that of the 
extensively characterized primary neurons57,292,293,295,301. 
 

 
Figure 37.  Spectrin in a NSC-derived mixed culture, with neuron and astrocyte markers. Scale bar: 2 
μm. Axial (color) scale is as in Figure 33A. 

 
NSC-derived mature astrocytes, as identified by positive labeling of GFAP (glial fibrillary 
acidic protein) and negative labeling of nestin, showed highly ordered 1D periodic patterns 
of actin (Figure 38A-C) and spectrin (Figures 37 and 39A) in the often numerous processes 
originating from the same cell. We also obtained comparable results for primary astrocytes 
isolated from hippocampal tissues (Figure 39B). A recent study reported partially periodic 
membrane cytoskeletons in primary astrocytes297, whereas another study did not observe 
periodicity but noted possible technical causes296. Our results, in contrast, indicate that 
astrocytes are characterized by an almost ubiquitous periodic membrane cytoskeleton. 
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Figure 38.  The membrane cytoskeleton of NSC-derived astrocytes and OLs. (A) 3D-STORM image of the 
phalloidin-labeled actin cytoskeleton of an NSC-derived astrocyte. Scale bars: 2 μm. Inset: Zoom-in of a 
process. Scale bar: 1 μm. (B) GFAP staining of the cell. (C) 1D autocorrelation along the red-boxed strip 
in (A). (D) 3D-STORM image of immunolabeled adducin for an NSC-derived OL. Scale bar: 2 μm. Inset: 
Zoom-in of a process. Scale bars: 1 μm. (E) MBP staining of the cell. (F) Autocorrelations along the three 
boxed strips (orange, magenta, and blue) in (A). 

 
NSC-derived mature OLs, as identified by positive labeling of myelin basic protein (MBP), 
also exhibited ordered 1D periodic membrane cytoskeleton structures (Figure 38D-F). Here, 
the processes are often wider in width (>1 µm) than that of astrocytes and neurons, and 
contained frequent branches. 1D periodic arrangement is found for most processes (Figure 
38D), and autocorrelation (Figure 38F) produced repeating peaks at multiples of ~180-190 
nm for both local 1D strips on the membrane (orange and magenta boxes in Figure 38D) and 
the full width of processes (blue box in Figure 38D). Meanwhile, cell bodies contained both 
2D and 1D lattices of clusters (Figure 38D). A recent study reported short-range actin-
spectrin periodicity in oligodendrocyte precursor cells (OPCs)296. Our results show that 
mature OLs are also characterized by an extensive periodic membrane cytoskeleton.  
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Figure 39.  βII Spectrin in NSC-derived (A) and primary (B) astrocytes. Scale bars: (A) 2 μm; (B) 1 μm. 
Axial (color) scale is as in Figure 33A. 

 

6.2.3  The 2D membrane of developing NSCs is characterized by ordered strips of 1D 
periodic membrane cytoskeleton 
 
Remarkably, we further found that as the NSC is differentiated into terminal cell types, highly 
ordered strips of 1D periodic membrane cytoskeleton often dominated the flat 2D 
membranes, i.e., of the cell body and the very thick, immature processes. Figure 40 shows 
3D-STORM results of the C-terminus of βII spectrin for two developing NSCs in their 
transitions to a neuron (Figure 40A-C) and an astrocyte (Figure 40D-F) after induction by 
retinoic acid and fetal bovine serum for 5 and 7 days, respectively. Strips of highly ordered 
1D periodicity were observed across the membrane. Each strip is 200-300 nm in width and 
up to ~4 µm in length, within which 1D periodicity is individually achieved (e.g., colored 
boxed in Figure 40A,D). 1D correlations along the lengths of the strips showed peaks at 
multiples of ~180 nm with high magnitudes (Figure 40C,F). These individual 1D periodic 
strips then collaged together, with diverse orientations, to cover the 2D membrane surface. 
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Figure 40.  Reccurring 1D periodic motifs on the 2D membranes of developing NSCs. (A) 3D-STORM 
image of βII spectrin (C-terminus) at the dorsal/top membrane of an NSC in its transition to a neuron. 
(B) Neuron marker Tuj (neuron-specific class III β-tubulin) staining of the cell. (C) 1D autocorrelations 
along the three boxed strips (green, magenta, and blue) in (A). (D) 3D-STORM image of βII spectrin (C-
terminus) at the ventral/bottom membrane of an NSC in its transition to an astrocyte. (E) GFAP staining 
of the cell. (F) One-dimensional autocorrelations along the three boxed strips (green, magenta, and 
orange) in (A). Scale bars: 1 μm. 

 
Together, our results indicate that NSCs have an innate capability to form actin-spectrin-
based periodic cortical cytoskeletons. Undifferentiated NSCs contain micrometer-sized 
actin/spectrin/adducin patches of local orderliness, and this ultrastructure becomes 
increasingly ordered and one-dimensional over longer distances as the NSC develops into 
neurons, astrocytes, and OLs. 
 

6.2.4  The conserved 1D periodic membrane cytoskeletal motif of NSC-derived cells 
is aligned between contacting cells 
 
Our results demonstrated a conserved 1D periodic membrane cytoskeleton ultrastructure 
shared by all NSC-derived cell types that is inherited from the NSC. It has been suggested that 
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the spectrin-actin based membrane cytoskeleton provides a mechanically flexible yet 
durable support to the neuronal membrane57,313, and SRM has shown that the periodic 
cytoskeleton organizes ion channels and structure-maintaining proteins at the neuron 
AIS57,293. While such functions may still be relevant for all cell types of the NSC lineage, the 
prevalence of the actin-spectrin cytoskeletal system across different NSC-derived cell types 
and its intriguing preference for a fixed 1D periodicity prompted us to ask whether this 
conserved structural motif could act as a scaffold and/or ruler to assist cell-cell interactions. 
 
To test this possibility, we first examined axon-axon interactions in both NSC-derived 
neurons and primary hippocampal neurons. Remarkably, we found that when running as 
parallel bundles, the periodic ring-like spectrin cytoskeleton of abutting axons are often 
aligned with each other in a one-to-one fashion (Figures 41A and 42). In particular, Figure 
41A displays a significant case where a single mismatch occurred for the alignment (white 
arrow). This mismatch notably tilted the spectrin rings in one of the axons, so that adjacent 
spectrin rings were able to accommodate this alignment “fault” and remain aligned. This 
“forced” alignment suggests a marked preference for aligned periodic cortical cytoskeleton 
between contacting cells, and points to strong binding forces directly associated with the 
cytoskeletal system. 
 

 
Figure 41.  Alignment of the periodic membrane cytoskeleton for contacting cells. (A) 3D-STORM image 
of βII spectrin in contacting axons of primary hippocampal neurons. Right panel is a virtual cross-
section for the red-boxed region in the yz plane. (B) 3D-STORM image of βII spectrin of an axon on top 
of the process of an OL from a mixed culture of neurons and glial cells differentiated from NPCs. (C) 
Separation of the axon membrane cytoskeleton (magenta) and OL membrane cytoskeleton (green) 
based on the 3D-STORM image. Scale bars: 500 nm. Axial (color) scale for (A,B) is as in Figure 33A. 

 
Figure 41B,C captures a case in which a neuronal axon grew on top of a thick process of an 
MBP-positive OL. Here the excellent height information afforded by 3D-STORM allowed us 
to spatially separate the cytoskeletal structures of the axon and the OL process (Figure 41C). 
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This revealed that the periodic 1D spectrin cytoskeleton in the axon was generally aligned 
with that of the underlying OL process. Generally, alignment between the periodic 1D 
membrane cytoskeleton of the two cell types appeared common at contact sites. 
 

 
Figure 42.  Additional examples of axon-axon interactions in βII spectrin-labeled NSC-derived neurons. 
Scale bars: 1 μm. Axial (color) scale for (A) is as in Figure 33A. 

 

6.2.5  CAMs adopt a semi-periodic 1D ordering in NSC-derived cells 
 
Our results suggest that both axon-axon and axon-glia interactions are modulated by the 
conserved 1D periodic motif of the membrane cytoskeleton across different cell types. This 
finding may be explained if cell adhesion molecules (CAMs)314,315 responsible for 
intercellular binding are regulated by the 1D membrane cytoskeletal motif. Indeed, recent 
work has shown that the CAM neurofascin forms spectrin-actin-mediated periodic 
structures in the specialized compartments of the AIS293,294 and nodes of Ranvier300. 
 
As neurofascin is known to be strongly expressed in developing OLs316,317, we examined the 
nanoscale distribution of this glial cell type with 3D-STORM. As expected, NSC-derived, MBP-
positive OLs were characterized by strong neurofascin immunofluorescence (Figures 43A 
and 44A,B), whereas negligible staining was observed in astrocytes and neurons except at 
the AIS (data not shown). STORM resolved neurofascin labeling as scattered clusters of a 
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quasi-periodic pattern. 1D autocorrelation for a densely labeled process (Figure 43C) 
showed first and second peaks at 180 and 370 nm lags, respectively, in good agreement with 
the characteristic 180-190 nm 1D periodicity of the spectrin-actin cytoskeleton we identified 
in OLs (Figure 38D-F) and other cells of the neurogenic niche. These results indicate that, 
similar to the cases of AIS293,294 and nodes of Ranvier300, neurofascin in developing OLs is 
also regulated by the periodic membrane cytoskeleton. 
 

 
Figure 43. CAMs in NSC-derived cells. (A) 3D-STORM image of neurofascin for an NSC-derived OL. (B) 
MBP staining of the cell. (C) 1D autocorrelation along the red box in (A). (D) 3D-STORM image of L1CAM 
for an NSC-derived developing neuron. (E) Autocorrelation analysis along the magenta box in (D). Scale 
bars: 2 μm. Axial (color) scale is as in Figure 33A. 
 

As neurofascin is only expressed in the OLs and specialized compartments of neurons, we 
next asked what other molecules could be responsible for mediating the aligned periodic 
cytoskeleton we found involving the axon proper. Neurofascin belongs to a major neural 
CAM group known as the L1 family314,315. Within this family, its first member, L1CAM, is a 
transmembrane protein widely expressed in the developing nervous system. It plays key 
roles in cell-cell interactions, and is essential in axon guidance and fasciculation318-320 as well 
as the induction of myelination by glial cells and neuronal differentiation321-323. Moreover, 
L1CAM shares consensus ankyrin-binding cytoplasmic domains with neurofascin, and 
functionally couples with ankyrin B and thus the spectrin-actin cytoskeleton in 
premyelinated axons324,325.  
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We examined the ultrastructure of L1CAM in NSC-derived developing neurons, and found 
that L1CAM adopts a scattered distribution with local order (Figures 43D and 44C). 1D 
autocorrelation for a process segment showed one peak at 190 nm (Figure 43E), in 
agreement with the conserved periodic cytoskeletal motif. No notable second peak was 
observed, indicating lower orderliness in periodicity: it appears that the L1CAM molecules 
have occupied a random fraction of the binding sites of ankyrin B, whereas ankyrin B exhibits 
moderate periodicity in neurons57. Given the homophilic and heterophilic binding capability 
of L1CAM, as well as its documented key roles in axon fasciculation and myelination318-323, it 
is thus likely that the aligned spectrin-based cytoskeleton at neuron-neuron and neuron-glia 
interfaces is linked to the intercellular interactions between L1CAM, neurofascin, and 
possibly other CAMs on the periodic cytoskeletal scaffold. 
 

 
Figure 44.  Additional images of neurofascin in NSC-derived OLs (A,B) and L1CAM in NSC-derived 
neurons (C). Scale bars: 2 μm. Axial (color) scale is as in Figure 33A. 

 

6.3  Discussion 
 

Using 3D-STORM, we unveiled that the AHNSC has an innate capability to form 
actin/spectrin-based, periodic membrane cytoskeletons. Micrometer-sized actin/spectrin/ 
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adducin patches of local orderliness became increasingly ordered and one-dimensional over 
longer distances as the NSC develops into the three terminal cell types of neurons, astrocytes, 
and oligodendrocytes. Notably, during these transitions, highly ordered strips of 1D periodic 
membrane cytoskeleton often dominate along the flat, 2D membranes.  
 
It has been speculated that 2D membranes may favor 2D cytoskeleton arrangements301. 
Although buffer-suspended, free spectrin tetramers are highly flexible strings that coil to a 
root-mean-square end-to-end distance of ~80 nm under thermodynamic equilibrium326, 
parallel bundling substantially increases the effective rigidity and thus the equilibrium 
length of the spectrin tetramers. This  paradigm has been used to explain the 180-190 nm 
spaced 1D periodic cytoskeleton in axons327. By the same token, in developing NSCs, we 
observed that the actin/spectrin/adducin cytoskeleton was arranged into individual 200-
300 nm-wide strips, within which 1D periodicity of ~180-190 is individually achieved along 
the longer, micron-scale axis. This result suggests parallel bundling/fasciculation of multiple 
strands of spectrin lines on the 2D membrane, where molecularly precise alignment is 
achieved between different spectrin strings to impart global periodicity. Conceivably, as the 
NSC develops, such tendency for spectrin strings to bundle on the membrane in a 
coordinated fashion facilitates ultimate formation of the highly periodic quasi-1D 
cytoskeleton that underlies the entire circumference of the processes of neurons, astrocytes, 
and OLs. Although the mechanism by which spectrin strings are bundled on the neuronal 
membranes has not been elucidated in previous studies, our finding that L1-family CAMs are 
likely regulated by the periodic spectrin/actin cytoskeleton presents the exciting possibility 
that such aligned bundling may be facilitated by the known homophilic binding capability of 
the L1-family CAMs within the same membrane (i.e., cis-interactions)328. 
 
Besides being a potential drive for the formation of the 1D cytoskeleton in NSCs and their 
derivatives, the observed quasi-periodic presence of L1-family CAMs also helps explain the 
remarkable one-to-one structural alignment of the periodic membrane cytoskeleton we 
identified in this study between abutting cells at axon-axon and axon-OL contact sites. L1-
family CAMs play critical roles in axon fasciculation, and are essential to the initial wrapping 
of glial cells at the axon surface for subsequent myelination. Anchoring such key CAMs onto 
the fixed grids of the 1D periodic cortical cytoskeleton not only provides reliable coupling 
between cells, but also offers a unique strategy by which to control CAM density and, 
potentially, to promote and/or deter adhesion between particular cell types.  
 
In addition, previous results have shown that during the development of neurons, axons 
quickly establish highly ordered 1D periodicity from an early stage, whereas dendrites 
initially lack a periodic cytoskeleton, but form local 1D or 2D periodicity at much later 
times293,301,329,330. Our discovery that the 1D periodic cytoskeleton assists axon-axon and 
axon-glia interactions could provide a potential mechanism for cell binding processes to 
favor axons over dendrites. This could be significant, as both axon fasciculation and 
myelination are functionally important for axons, whereas dendrites are not known to 
exhibit similar intracellular-binding behaviors. The 1D periodic cytoskeleton thus may serve 
as a nanoscale, molecular “ruler” to select for the desired binding locations and partners.  
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Taken together, our results indicate that a highly conserved periodic structural motif serves 
as a singular nanoscale scaffold and ruler to mediate the interactions between different cell 
types of the NSC lineage. It is thus our observation and opinion that this periodic spectrin-
based cytoskeleton rules. 
 

6.4  Methods 
 
NSC culture:  NSCs were isolated, cultured and differentiated according to orthopraxy 
established by refs 310,311. Cells were plated at ~20,000 cells/cm2 onto coverslips coated with 
poly-L-ornithine hydrobromide (Sigma, St. Louis, MO) at 10 μg/ml and natural mouse 
laminin (Invitrogen) at 5 μg/ml. Undifferentiated NSCs were maintained in a medium 
consisting of Dulbecco’s Modified Eagle Medium/Nutrient Mix F-12 (DMEM/F-12) with 
HEPES and L-glutamine (Invitrogen) supplemented with 1% (v/v) N-2 Supplement 
(Invitrogen) and 20 ng/ml basic fibroblast growth factor (FGF-2, Peprotech, Rocky Hill, NJ). 
Cells were differentiated into a mix of neurons, astrocytes, and OLs using 1 μM retinoic acid 
(Biomol, Plymouth Meeting, PA) and 1% (v/v) fetal bovine serum (FBS) in DMEM/F-12 + N-
2 for 5-7 days (for immature cells) or 10-14 days (for mature cells), with medium 
replacement every 2 days until fixation.  
 
Primary neuron culture:  Primary rat hippocampal neurons were a kind gift of Prof. Evan 
Miller’s group or from BrainBits Inc. (Springfield, IL). Primary neurons were plated at 
~10,000 cells/cm2 on poly D-lysine-coated coverslips (Neuvitro, GG-12-1.5-PDL) in neuron 
medium [10 mL B27 and 5 mL GlutaMAX to 500 mL Neurobasal medium (Invitrogen)]. Half 
of the neuron medium was replaced every 3-4 days until fixation at ~10 DIV. Primary 
hippocampal astrocytes from BrainBits were similarly plated, but grown in NbAstro medium 
(BrainBits, NBAST), with half of the medium replaced every 3-4 days until fixation at ~5 DIV. 
 
Fixation and immunolabeling:  For experiments aimed at visualizing actin, cells were treated 
with 0.3% (v/v) glutaraldehyde, 0.25% (v/v) Triton X-100 in cytoskeleton buffer (10 mM 
MES buffer, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, 5 mM MgCl2, adjusted with NaOH to 
pH 6.1) for 1 min, followed by 2% (v/v) glutaraldehyde in cytoskeleton buffer for 20-30 
min55,239. The sample was treated twice with 5 min reduction in 0.1% (w/v) NaBH4 in 
phosphate buffered saline (PBS). Experiments involving adducin were fixed with 4% 
paraformaldehyde (PFA) in PBS for 20 min. Experiments of other targets were fixed either 
with 4% PFA in PBS for 20 min or 3% PFA and 0.1% glutaraldehyde in PBS for 20 min, the 
latter of which was proceeded by 2x5 min reduction in 0.1% (w/v) NaBH4 in PBS. For 
immunofluorescence labeling, cells were first blocked with a solution of 3% bovine serum 
albumin and 0.1% Triton X-100 in PBS, and then stained with corresponding primary and 
secondary antibodies. Primary antibodies used were: mouse anti-βII spectrin (BD, 612562; 
1:50 or Santa Cruz, sc-515592; 1:50), rabbit anti-adducin (Abcam, ab51130; 1:200), mouse 
anti-nestin (BD Transduction Laboratories, 611658; 1:1000), rabbit anti-GFAP (Abcam, 
ab7260; 1:1000), mouse anti-GFAP (Invitrogen, A21282; 1:250), rat anti-myelin basic 
protein (Abcam, ab7349; 1:100), mouse anti-Tuj (βIII tubulin) (Sigma, SAB4700544; 1:300), 
chicken anti-Tuj (βIII tubulin) (GeneTex, GTX85469; 1:500), mouse anti-neurofascin 
(NeuroMab, 73-027; 1:2), mouse anti-L1CAM (Santa Cruz, sc-59868; 1:100), mouse anti-
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L1CAM (Abcam, ab24345; 1:300). Secondary antibodies were AF647-labeled for STORM 
imaging and AF488- and AF555-labeled for cell-type markers. For fluorescent labeling of 
actin filaments, samples were incubated55 with AF647-conjugated phalloidin (Invitrogen 
A22287; 1:30) at a concentration of ~0.4 µM. 
 
STORM imaging and data analysis:  3D-STORM37,54 was carried out on a home-built setup 
based on a modified Nikon Eclipse Ti-E inverted fluorescence microscope using an oil-
immersion objective (Nikon CFI Plan Apochromat λ, 100, NA 1.45), as described 
previously118. Briefly, sample was mounted with a standard STORM imaging buffer [5% 
(w/v) glucose, 100 mM cysteamine, 0.8 mg/mL glucose oxidase, and 40 µg/mL catalase in 
Tris-HCl (pH 7.5)]. Lasers at 405, 488, 560, and 647 nm were introduced into the sample 
through the back focal plane of the objective, and shifted towards the edge of the objective 
to illuminate ~1 µm within the glass-water interface. A strong (~2 kW/cm2) excitation laser 
of 647 nm (for Alexa Fluor 647) or 560 nm (for CF568) photoswitched most of the labeled 
dye molecules into a dark state, while also exciting fluorescence from the remaining, sparsely 
distributed emitting dye molecules for single-molecule localization. A weak (0-1 W/cm2) 
405-nm laser was used concurrently with either the 647- or 560-nm lasers to reactivate 
fluorophores into the emitting state so that at any given instant, only a small, optically 
resolvable fraction of fluorophores was emitting. A cylindrical lens was used to introduce 
astigmatism to encode the depth (z) position into the ellipticity of the single-molecule 
images54. Images were collected at 110 frames per second using an Andor iXon Ultra 897 
EM-CCD camera, for 50,000-90,000 frames per image. Raw data were processed into 3D-
STORM data and images using previously described methods37,54. 1D autocorrelation 
analyses were performed as described in ref. 297. 
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Chapter 7:  The Adventure of the Midbrain Neurons 
 
The quasi-1D periodic rings of actin/spectrin/adducin in hippocampal neural axons290 was 
a remarkable and fascinating new discovery; the pulchritudinous 2D periodic lattices found 
in hippocampal glial and NSCs297, as just described in Chapter 6, is no less exciting. Highly 
ordered cytoskeletons have now been shown to be far more common in the brain than 
previously imagined, but the diversity of such structures is particularly thought-provoking. 
Indeed, based on these results, we set out to discern the nanoscale structures in yet another 
cell of our most fascinating organ: midbrain neurons derived from human pluripotent stem 
cells (hESCs). In these, we discovered another novel and highly ordered ultrastructural form, 
distinct from the rings and lattices seen in hippocampal cells. 
 
This work was performed in collaboration with Dr. Maroof Adil and Professor David Schaffer 
of UC Berkeley. It is reproduced in part from a manuscript that is in progress as of December, 
2017331. 
 

7.1  Introduction 
 
The hippocampus has become one of the most extensively studied areas of the mammalian 
brain. A part of the limbic system which is itself a component of the more recently evolved 
forebrain, the hippocampus is involved in the consolidation of information from short-term 
to long-term memory, and in spatial memory that enables navigation332-334. It is also the 
region of the brain that is most susceptible to damage, and its impaired function has been 
documented in many human brain diseases, such as hypoxia, ischemia, and epilepsy335. For 
the purposes of microscopy and many other biological studies, neurons derived from the 
hippocampus, typically isolated from rat brains, serve as an essential model neural 
system336,337. The reasons for this are multivariate: the hippocampus is relatively easy to 
dissect from the rest of the brain, and isolated hippocampal neurons thrive in culture338. Not 
to mention, hippocampal neurons are one of the few types of neurons commercially 
available. Unsurprisingly, then, they have become the archetypal neuronal cell for the recent 
super-resolution studies that have found periodic actin/spectrin/adducin rings, as well as 
the new work reported in Chapter 7 in which we discovered novel 2D periodic lattices in 
AHNSCs and AHNSC-derived glia. However, it is well-known that in many respects, neurons 
are, functionally, as varied and unique as individual human beings. And, as form begets 
function, it is reasonable to postulate that two neurons, particularly those with very different 
locations and functions in the brain, might present with noticeable structural divergence.  
 
One region of the brain still underexplored with SRM is the midbrain, although one study 
found periodic ring structures in mature midbrain neurons, consistent with findings in 
hippocampal analogues297. The midbrain helps coordinate sensory information with simple 
movements. Like the hippocampus, midbrain neurons are a critical system to understand in 
the context of certain neurodegenerative diseases. In particular, Parkinson's Disease (PD) is 
a currently undruggable, progressive neurodegenerative condition characterized by motor 
and behavioral impairments that result in large part from a loss of striatal innervation by 
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midbrain dopaminergic neurons within the substantia nigra. PD affects approximately 1 in 
800 people around the world and exerts a substantial social and economic burden339,340. 
Detailed insight into the structure-function relationship in healthy and diseased midbrain 
neurons is thus necessary for addressing this public health crisis. 
 
To extend our understanding of the nanoscale cytoskeleton of cells in the brain beyond those 
of hippocampal neurons, AHNSCs, and AHNSC-derived glial cells, we cultured and imaged 
hESC-derived neurons of the midbrain. We find that, as cells differentiate from the 
pluripotent stage of hESCs to fully matured and electrophysiologically active neurons of the 
midbrain, their cytoskeletal structure develops in a way that is wholly unique and distinct 
from the development observed in the AHNSCs as they differentiate into hippocampal 
neurons. We propose that these disparities are related either to functional differences 
between the hippocampus and the midbrain or to the different evolutionary origins of the 
forebrain and midbrain. 
 

7.2  Results 
 

7.2.1  Midbrain neurons develop from a 2D periodic cytoskeleton as hESCs to quasi-
1D periodic rings when terminally differentiated   
 
Beginning with hESCs, we cultured and differentiated cells into matured, post-mitotic, 
electrophysiologically functional neurons of the midbrain341. At both of these fully immature 
(H1 hESC) and fully differentiated stages, striking features of the cytoskeleton are divulged 
that hearken back to cortical structures in cells of the hippocampus. We find that at the 
embryonic stage (hESCs, day 0 in vitro), a 2D ordered lattice similar to AHNSCs and 
hippocampal glial cells290 is readily apparent (Figure 45A-C). Autocorrelation analysis of 
segments of this 2D inner membrane structure confirms the local regular spacing of α 
adducin at D0 of ~180 nm, with higher order peaks, as expected, at ~340 and 550 nm. This 
result is, by itself, an unprecedented revelation. Embryonic stem cells have been only 
minimally investigated with SRM342,343, so this finding may pioneer new biology in the field.  
 
Jumping ahead to the end of the chronology, the neurites of fully differentiated and 
electrophysiologically functional midbrain neurons (~day 45 in vitro) have periodic 
spectrin/adducin rings, identical to those in mature neurons of the hippocampus57 (Figure 
45D-I). The spacing is highly regular, with a periodicity of ~170-190 nm, and similar to 
earlier results297. Consistent with previous reports, adducin presents with slightly lower 
order, perhaps due in part to the polyclonal primary antibody used in this and other 
studies57,290. Thus, in many ways, the development of midbrain neurons from a more 
pluripotent to a terminally differentiated state mirrors the development of AHNSCs into 
hippocampal neurons. 
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Figure 45.  Periodic cytoskeleton of cells at the initial, undifferentiated state (hESCs, D0 in vitro) and 
final, terminally differentiated state (midbrain neurons, D45 in vitro). (A) Inchoate D0 cells labeled for 
α adducin. Scale bar: 2 μm. (B) Zoom-in of the region outlined in (A) showing flattened, 2D ordering. 
Scale bar: 1 μm. (C) Autocorrelation analysis of region outlined in (B), with major peaks at 180, 340, 
550, and 760 nm. (D) A process from a D45 neuron labeled for βII spectrin. Scale bar: 500 nm. (E) Virtual 
yz cross-section of the region outlined in (D), displaying a cortical ring of spectrin along the neurite. (F) 
Autocorrelation of the same region in (D), with characteristic peaks at 170, 340, 530, and 740 nm. (G) 
A process from a D45 neuron labeled for adducin. Scale bar: 500 nm. (H) yz cross-section of the region 
outlined in (G), again with labeling on the inner plasma membrane. (I) Autocorrelation of the same 
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region in (G), with major local maxima at 180, 340, 520, and 690 nm. Axial (color) scale is as in Figure 
33A. 

 

7.2.2  Midbrain neurons display single, 1D lines of periodic spectrin/adducin at inter-
mediate stages of differentiation 
 
In contrast to the similarities between hESCs and AHNSCs, as well as between mature 
midbrain and hippocampal neurons, a different picture emerges for the transitional stages 
of midbrain neurons. In between the embryonic stage (D0) and the fully differentiated state 
(D45) is an intermediate differentiation stage, at about day 25-35 in vitro (D25-D35). These 
~D25-D35 cells are morphologically similar to the mature midbrain neurons, but are not as 
active electrophysiologically341,344,345. What we discovered at this stage that is not also seen 
in AHNSCs is the presence of striking 1D periodic single lines of spectrin/adducin. These 
lines are relatively long (~2 to dozens of microns in length) (Figure 46) and are observed in 
at least ~75% of the observed processes. The presence of these orphic strings of single 
spectrin and adducin proteins is hinted at in conventional, epifluorescence images of the 
neurites (Figure 46A,D). But, as with axonal rings, the nanoscale details are only revealed 
with SRM.   
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Figure 46.  (A-C) Novel 1D lines of βII spectrin in D25 midbrain neurons. (A) Conventional, 
epifluorescence image of βII spectrin. (B) STORM image of βII spectrin in the same area as (A). (C) Zoom-
in of the region outlined in (B), showing the detailed, nanoscale structure of the spectrin lines. (D-F) 
Analogous 1D strings of adducin in D25 midbrain neurons. (D) Conventional, epifluorescence image of 
α adducin. (E) STORM image of α adducin in the same area as (D). (F) Zoom-in of the region outlined in 
(E), displaying high-resolution detail of the lines. Scale bars: 2 μm. Axial (color) scale is as in Figure 33A. 

 
Moreover, the spacing of the D25-35 lines is consistent with that seen in hippocampal 
neurons, glia, and NSCs, ~160-180 nm (Figure 47). Interestingly, the autocorrelation graphs 
of the 1D lines at D25 as compared to those of the quasi-1D rings at D45 reveals that the 
former have a lower overall orderliness than the latter; at D25-D35, the peaks in the 170-
190 nm range display noticeably smaller magnitudes than at D45. Additionally, higher order 
peaks tend to have low signals at D25-D35, whereas those at D45 are well-defined with high 
S/N (Figure 47B,D,F,H vs. Figure 45F,I). Thus, multiple spectrin/adducin lines in parallel (in 
the form of rings) may increase orderliness by having a stabilizing influence on the 
metastructure, whereas single strings of spectrin/adducin may be more sensitive to 
destabilizing influences, leading to lower orderliness.  
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Figure 47.  1D autocorrelation functions of line structures in D25 midbrain neurons. (A,B) Zoomed-in 
region of a βII spectrin-labeled sample. (A) STORM image and (B) autocorrelation calculated from the 
area outlined in (A). A major peak at 160 nm is observed in the graph, with additional peaks at 340, 500, 
and 670 nm. (C,D) Zoomed-in region of another βII spectrin-labeled sample. (C) STORM image and (D) 
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autocorrelation calculated from the area outlined in (C). A major peak at 170 nm is seen, with much 
smaller peaks at 340, 510, and 750 nm. (E,F) Zoomed-in region of an α adducin-labeled sample. (E) 
STORM image and (F) autocorrelation calculated from the area outlined in (E). The graph reveals a 
major peak at 170 nm, with significant higher order peaks at 340, 540, and 710 nm. (G,H) Zoomed-in 
region of another α adducin-labeled sample. (G) STORM image and (H) autocorrelation calculated from 
the area outlined in (G). A major peak at 180 nm is observed in the graph, with additional higher order 
peaks at 380, 590, and 770 nm. Scale bars: 1 μm. Axial (color) scale is as in Figure 33A. 
 
Importantly, we confirmed that these strings of ordered proteins are indeed located on the 
inner plasma membrane of processes with relatively thick diameters. This is a non-trivial 
point to establish: we have often observed that neural axons can be exceptionally thin, such 
that it is challenging to distinguish a ring of labeled spectrin tetramers from a single labeled 
spectrin heterotetrameric complex. Figure 48A,C show two different processes from D25 
midbrain neurons. Both have the characteristic 1D string of spectrin, clearly visible in the xy 
plane. When viewing the xz cross-sections of the outlined regions (Figure 48B,D, 
respectively), it is readily apparent that the line structures (cyan) lie within larger neurites, 
as defined by the sparser spectrin localizations on the inner plasma membrane. They do not 
appear to lie outside the ring in their own, distinct processes, but run longitudinally within 
thicker processes. Thus, the lines are unlikely to be very small rings, but rather comprise one 
or a few strings of proteins. While we were unable to quantitate the number of periodic 
strings running in parallel that comprise these lines, they qualitatively appear to be, typically, 
one single string of proteins, based on the size of the SRM clusters.  
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Figure 48.  Demonstration of line structures existing internally within larger processes. (A) STORM 
image of a βII spectrin-labeled D25 neuron. Scale bar: 2 μm. (B) Alternative image of the region outlined 
in (A), as viewed in the yz plane. The line structure (cyan) is clearly internal to the neurite, as defined by 
the cylinder of cortical spectrin. (C) STORM image of another βII spectrin-labeled D25 neuron. Scale bar: 
1 μm. (D) Image of the region outlined in (C), as viewed in the yz plane. Again, the 1D line (cyan) is 
within the larger process defined by the unordered, cortical spectrin, and does not exist as an external, 
ultra-thin neurite. Axial (color) scale is as in Figure 33A. 

  
Furthermore, we found that these 1D strings occurred in both dopaminergic and non-
dopaminergic neurons when we co-stained with anti-tyrosine hydroxylase (TH) antibodies 
(data not shown). Dopaminergic neurons are currently of intense research interest due to 
their degeneration in PD patients; however, these structures were not found to be correlated 
with TH+ dopaminergic neurons, suggesting they are relevant to midbrain neurons, more 
generally. Additional research will hopefully reveal if they are present in developing neurons 
of other brain regions, as well. 
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7.2.3  Actin is likely involved in forming the periodic strings  
 
As already touched upon, actin is known to be an integral component of the ordered rings 
and lattices found in cells of the hippocampus, and actin, spectrin, and adducin are all 
intricately connected57,290. For example, adducin is thought to recruit spectrin to actin 
filaments and to promote assembly of the spectrin lattice at the plasma membrane346.  
Overall, a plethora of data highlight the close interaction and spatial association between 
these three proteins. Presumably, therefore, actin also participates to build the 1D line 
structures at D25-D35 and the quasi-1D rings at D45 in conjunction with spectrin and 
adducin. However, no SRM images of corresponding periodic actin were found in the course 
of this research. Indeed, all SRM images of actin in both D25-D35 and D45 midbrain cells 
uncovered densely-packed actin filaments in the processes, which would easily overwhelm 
any signal from short, thin cortical filaments and rings (Figure 49A-D).  
 

 
Figure 49.  Phalloidin-labeled F-actin in D25 midbrain neurons. (A,B) Actin in D25 neurites appears 
only as dense, longitudinal filaments. (A) No periodic lines of actin are observed, as they are with 
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spectrin/adducin. (B) Zoom-in of region outlined in (A). (C,D) Another D25 neurite labeled for actin. (C) 
No 1D lines of actin can be seen. (D) xz cross section of the region outlined in (C) reveals the longitudinal 
actin filaments are densely localized at the cortex of the neurite, potentially creating an abditory for 
short, sparse filaments in 1D strings. (E) Actin in the soma of a D25 midbrain neuron, displaying a lattice 
of short puncta. (F) Autocorrelation calculated from the region outlined in (E). Major peaks are 
apparent at 190, 390, and 600 nm. Scale bars: 2 μm. Axial (color) scale is as in Figure 33A. 

 
This result is not altogether aberrant. Previous work has shown that phalloidin-labeling of 
fixed primary hippocampal neurons does not visualize the presumably less stable, periodic 
actin cytoskeleton in early-stage neurons as otherwise detected in live cells by a 
jasplakinolide-based stain293. The periodic structure of spectrin was also more quickly 
fractured by treatment with the actin-disrupting drug, latrunculin A (LatA), during early 
development than in older neurons347. 
 
Our own experiments with LatA seem to confirm the conjecture that periodic actin is present 
but not easily visualized in developing midbrain neurons. Figure 50A displays a pseudo-1D 
string of βII spectrin in D35 midbrain neurons (a still intermediate stage of development). 
The corresponding autocorrelation function (Figure 50B) displays remarkable periodicity, 
with familiar peaks at 160, 330, 490, and 640 nm. By comparison, Figure 50C,D,F,H shows 
various areas of a sample of D35 neurons treated with 20 μM of LatA. Figure 50C is of a large, 
zoomed-out area of the sample, with a noticeably lower density of spectrin, and no apparent 
rings or strings (compare Figure 46). Autocorrelation analysis of the area (Figure 50E) 
outlined in yellow displays random, unordered peaks, and no zenith in the characteristic 
160-200 nm range known for periodic spectrin/actin/adducin. Similar desultory results 
were obtained for two additional regions of the LatA-treated sample (Figure 50F-I), 
validating that the spectrin structure is disrupted. Thus, as LatA selectively disrupts actin, 
but spectrin periodicity is observed to be disordered after treatment, it must be concluded 
that actin is essential in maintaining the 1D strings characteristic of these D35 midbrain 
neurons.   
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Figure 50.  Latrunculin A treatment disrupts 1D periodic strings of βII spectrin in D35 midbrain 
neurons. (A) Segment of a D35 neuron treated with DMSO control. Scale bar: 1 μm. (B) Autocorrelation 
analysis of region outlined in (A), showing highly ordered peaks at 160, 330, 490, and 640 nm, a spacing 
consistent with previous results at D25 midbrain neurons and in hippocampal neurons. (C) Zoomed-out 
area of a D35 sample treated with 20 μM LatA for 1 hour and labeled for spectrin. Scale bar: 2 μm. (D) 
Zoom-in of region outlined in (C). Scale bar: 1 μm. (E) Autocorrelation of (D), showing no peaks in the 
range of ~160-200 nm. (F,H) Additional regions of neurites treated with LatA. Scale bars: 1 μm. (G,I) 
Autocorrelations of (F,H), respectively, again suggesting disruption of the spectrin lines. Axial (color) 
scale is as in Figure 33A. 

 
Though not found in any processes, periodic actin was remarkably still found in flatter cells 
from samples fixed at D25 (Figure 49E,F). These 2D ordered lattices are comparable to those 
seen in hippocampal NSCs and glia. Due to the wide prevalence of this cortical 2D periodic 
cytoskeleton, we speculate that this form is highly conserved in relatively flat cells (i.e., cells 
with large, 2D areas of membrane in contact with substrate) found in the brain. 
 
Thus, while no 1D lines of actin comparable to spectrin and adducin were observed, our 
careful expiscation leads us to hypothesize that they are present, but are simply impossible 
to distinguish from the longitudinal filaments. 
 

7.2.4  The 1D periodic lines may be nucleation sites for lateral growth of periodic 
quasi-1D rings 
 
These periodic cytoskeletal lines are, to the best of our knowledge, a distinctive feature of 
the developing midbrain neuron, and certainly raise the question of their functional role in 
the maturing cell. One possibility we consider here is that the individual strings of 
actin/spectrin/adducin may serve as the initial sites at which additional actin, spectrin, and 
adducin are recruited, growing from that line in a cylindrical shape to eventually ensheathe 
the inner plasma membrane, and eventually create the classic array of periodic rings seen at 
the final stages of differentiation (see Figure 45D-I).  
 
To test this hypothesis, we fixed and imaged the differentiating neurons at multiple stages 
between D25 and the fully mature D45 cells. While no stringent or uniform timeline 
emerged, a general trend of increasingly “complete” rings was revealed when cells were fixed 
between D35 and D45. For example, Figure 51 demonstrates a snapshot of what is, in all 
likelihood, the progressive growth of full axonal rings from the 1D lines. This D40 sample, 
labeled for βII spectrin, shows a neural process that, from left to right, becomes increasingly 
encased with spectrin (Figure 51C,E,G,I). This sequence displays zy cross-sections of the 
regions outlined in (B), from left to right. The first region (magenta box in (B), zy section in 
(C), autocorrelation analysis in (D)) begins with the single 1D string, and frequency analysis 
produces peaks at 190 and 350 nm. The next region in the sequence (red box) then develops 
two closely spaced lines, that are also very periodic (local maxima at 180 and 350 nm). The 
third area (orange box) displays a ring that is ~75% complete. The final domain (yellow box) 
culminates in a complete ring around the neurite. Notably, the orderliness in these final two 
regions is inferior to the first two; this may be due in part to the very small area that is 
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analyzed, leading to high statistical noise, as well as the fact that much of the spectrin is likely 
in transit as it is being recruited to the area, and not yet positioned appositely. Even so, small 
apices are localized at 180 and 350 nm in (H) and 150 and 370 nm in (J). 
 
Though our data suggest that, indeed, the 1D cytoskeletal strings may serve as nucleation 
sites for lateral growth of periodic rings in midbrain neurons, we are still left with the 
question of why this same process is not observed in AHNSCs as they develop into mature 
hippocampal neurons. The reason for the disparity between these two regions of the brain 
remains enigmatic, and will hopefully be addressed by future work.  
 

 
Figure 51.  Growth of periodic strings into full rings. (A) Region showing two processes of βII spectrin-
labeled D40 midbrain neurons. Scale bar: 2 μm. (B) Zoom-in of blue boxed area in (A). Scale bar: 1 μm. 
(C) zy cross-section of magenta box in (B). (D) Autocorrelation analysis of (C) with major zeniths at 190 
and 350 nm. (E) zy cross-section of red box in (B). (F) Autocorrelation of (E) with similar peaks at 180 
and 350 nm. (G) zy view of orange box in (B). (H) Autocorrelation function of (G), with small peaks at 
180 and 350 nm. (I) zy cross-section of yellow box in (B). (J) Autocorrelation analysis of (I) with peaks 
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at 150 and 370 nm, along with additional local maxima. Scale bar for (C,E,G,I): 500 nm. Axial (color) 
scale is as in Figure 33A. 

 

7.2.5  Certain spectrin-associated proteins are also ordered and form similar strings 
 
It is now known that the periodic actin/spectrin/adducin rings present in hippocampal 
neural processes control the spatial ordering of many proteins, particularly those with a 
direct or indirect relationship to spectrin, such as ankyrins and certain ion channels57,292-

301,348. Thus, we speculated that other spectrin-associated proteins relevant to midbrain 
neurons might also be found to be linearly arrayed or regularly spaced, either at 
intermediate or fully differentiated stages of growth. For example, L1CAM, as previously 
described in Chapter 7290, is an important cell adhesion molecule in neurons that we have 
found to be locally periodically arranged, undoubtedly due to its cytoplasmic interaction 
with ankyrin and spectrin349. Intriguingly, our results with SRM demonstrate unequivocally 
that the 1D lines of spectrin/adducin play an important physiological role for the cell, beyond 
mere nucleation sites for cytoskeletal growth. Figure 52A is of processes in D27 midbrain 
neurons labeled for L1CAM. Striking yet now-familiar line structures of this CAM are readily 
apparent, and become even more so when magnified (Figure 52B,D). Surprisingly, 
autocorrelation analysis of these regions indicates that they are not periodic or ordered, 
even over short intervals (Figure 52C,E). This may be due to the fact that L1CAM can interact 
with ankyrin B, spectrin, and actin349, which may lead to lack of a clear pattern in spatial 
location. Regardless, the distinct aperiodic lines of L1CAM suggest that the underlying 
cytoskeletal strings are essential for mediating neurite interactions in fledgling midbrain 
neurons, as is the case in hippocampal neurons290. 
 
Another protein, α synuclein, is extremely relevant to any discussion about midbrain 
neurons. Previous studies have demonstrated that α synuclein regulates vesicle trafficking 
and synaptic plasticity throughout the brain. α Synuclein knockout mice have reduced pools 
of synaptic vesicles in paired stimuli, implying that α synuclein plays a role in vesicle 
fusion350. This protein may also play a role in the axonal transport of synaptic materials351. 
Importantly, α synuclein is the major component of Lewy bodies and Lewy neurites, the 
pathological hallmarks of surviving midbrain neurons in patients suffering from PD352. It was 
also recently demonstrated that α synuclein modulates neurite outgrowth by interacting 
with βII spectrin353 and even inhibits synaptic vesicle fusion by competing for synapsin I-
binding sites on spectrin353. Because of its relationship to spectrin and relevance to the 
midbrain in the context of PD, we examined the nanoscale structure of α synuclein in fully 
mature, D45 midbrain neurons. Generally, we found this protein to be fairly disordered over 
long distances. However, many areas exhibited local periodicity, suggesting that indeed, it is 
arrayed, at least in part, by spectrin. Figure 52F,H show two such areas. Corresponding 
frequency analyses (Figure 52G,I, respectively) reveal short-range but highly periodic 
arrangement of α synuclein, with first-order peaks at ~190-200 nm and higher order peaks 
of ~370-380 nm and ~550-600 nm. 
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Figure 52.  Certain spectrin-associated proteins are also spatially arranged by spectrin in midbrain 
neurons at intermediate and mature stages of differentiation. (A) L1CAM-labeled D27 midbrain 
neurons. Scale bar: 2 μm. (B,D) Zoom-in of magenta and orange regions in (A), respectively. Scale bars: 
1 μm. (C,E) Autocorrelation functions taken for the rectangular regions in (B,D), respectively, with 
irregular local apices and no peaks in the range ~160-200 nm. (F,H) α Synuclein-labeled D45 midbrain 
neurons. Scale bars: 1 μm. (G,I) Autocorrelation graphs of the domains outlined in (F,H), respectively. 
Strong peaks are noted at 200, 380, and 600 nm in (G), and at 190, 370, 540, and 700 nm in (I). Axial 
(color) scale is as in Figure 33A. 

 

7.3  Discussion 
 
We herein report, for the first time, the observation of 1D periodic lines/strings of spectrin 
and adducin in D25-D35 immature midbrain neurons as they develop from hESCs. These 
selcouth lines are in contrast to the quasi-1D periodic rings and 2D periodic lattices 
previously described in AHNSCs (compare models depicted in Figure 53C vs. Figure 53A,B). 
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AHNSCs begin with a ubiquitous periodic actin/spectrin/adducin framework taking the form 
either of periodic rings for thinner processes or of the newly realized 2D lattice of locally 
arrayed lines and perhaps even quasi-hexagonal ordering for flatter regions (see Chapter 7). 
As AHNSCs differentiate into neurons, much of the 2D ordering is lost, while the quasi-1D 
rings in the processes become even more regular and long-ranging. Midbrain neurons, 
meanwhile, begin with the same 2D lattice at the embryonic stage, develop unique periodic 
lines as an intermediate structure, and terminate with canonical periodic rings. The fact that 
there has been found such a clear difference in the development of the periodic, quasi-1D 
ring structure in hippocampal vs. midbrain neurons is, in our opinion, an exciting new 
development in the field of neurobiology. It lends further credence to the burgeoning 
acceptance of SRM as an invaluable tool for the study of systems in the brain with nanoscale 
spatial resolution and high molecular specificity.  
 
It must be noted here that this comparison is non-autologous: the experiments carried out 
in AHNSCs, as described in Chapter 7, were performed on cells derived from rat brains, while 
the midbrain neurons were cultured from human pluripotent stem cells. Therefore, it is 
possible that the divergence observed in cytoskeletal development may also be due to 
species-related differences, rather than tissue-related differences. However, other studies 
from our group have not found similar spectrin/adducin strings when hESC cells were 
cultured and differentiated into glutamatergic neurons of the frontal temporal lobe, another 
tissue of the forebrain distinct from the hippocampus (data not shown). Consequently, we 
are of the opinion that the differences in function or evolutionary history between the 
midbrain and hippocampus are responsible for the apparent corporeal heterogeneities 
during development. It is also our hope that future work will clarify this point.  
 
These lines, which very likely involve actin in addition to spectrin/adducin, may serve 
multiple purposes for the cells: our evidence to date suggests that they may act as the initial 
location for recruitment and growth of the periodic rings characteristic of fully mature D45 
neurons. Additionally, we have found certain other proteins, particularly L1CAM, are also 
arranged into thin lines, possibly via intracellular attachment to spectrin. However, these 
lines of L1CAM are closely spaced and aperiodic, suggesting interaction with multiple targets 
within the neurites. Moreover, while comparable strings of the clinically-relevant α 
synuclein were not observed at D25-D35, we did find areas of local periodicity of this protein 
in fully matured neurons.  
 
In addition, we hinted in section 7.2.4 that the transition from 1D strings to quasi-1D rings 
of spectrin/adducin proceeds at a relatively rapid pace, over the course of at most 10 days 
between D35 and D45. This 10-day timeline also likely represents the bulk transition period 
rather than the time required for an individual neurite to fully develop, the latter of which 
could be substantially shorter. On the other hand, the intermediate line structures were 
found to persist immutably for at least the period from D25-D35. This begs the question as 
to why the cells maintain this structure over the relatively long term. Here again, we can but 
speculate that the cells have an explicit reason for the measured development of their 
ultrastructure; perhaps these cells even have a specific physiological role in the midbrain 
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beyond existing only as a transition state. Hopefully, future inquiry will illuminate the 
comprehensive function of these lines. 
 
Though the story has not all been told, our findings continue to build the case for spectrin as 
a cytoskeletal protein with critical functions in controlling the spatial properties of a myriad 
of cellular components, especially in cells of the brain. It is further heartening to know that 
there are still new and provocative nanoscopic structures to be discovered in cells. We have 
not reached the end of the line yet.  
 

 
Figure 53.  Models for a family of periodic cytoskeletal architectures in cells of the CNS, with a new 
addition for developing midbrain neurons. (A) Quasi-1D periodic ring structure seen in the processes of 
hippocampal neurons, glial cells, and NSCs, as well as fully differentiated midbrain neurons. (B) 2D 
periodic lattice structure seen in the flat somatic areas of hippocampal glial cells and NSCs, as well as 
hESCs and soma of D25-D35 midbrains neurons. (C) 1D periodic line/string structure newly 
characterized for the neurites of D25-D35 immature midbrain neurons. Image adapted from ref. 57. 

 

7.4  Methods 
 
Cell culture and differentiation:  H1 hESCs (WiCell, WI) were differentiated to dopaminergic 
neurons within PNIPAAM-PEG 3D gels using a protocol adapted from previously established 
differentiation techniques341,345,354. Cells harvested from 2D were first adapted to the 3D 
hydrogel for two consecutive single cell passages in supplemented E8 medium with 10 μM 
ROCK inhibitor. 5 days after the third single cell passage, differentiation was initiated with 
dual-SMAD inhibition using 100 nM LDN193189 (Stemgent San Diego, CA) and 10 μM 
SB431542 (Selleckchem, Carlsbad, CA). Media conditions were maintained throughout 
differentiation, with small molecule and protein concentrations as previously 
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described345,354. N2 (Life Technologies, Grand Island, NY), B27 (Life Technologies, Grand 
Island, NY), Glutamax (Invitrogen, Grand Island, NY), 100 ng/ml FGF8 (Peprotech, Rocky Hill, 
NJ), 3 μM CHIR99021 (Stemgent, San Diego, CA), 20 ng/ml BDNF (Peprotech, Rocky Hill, NJ), 
20 ng/ml GDNF (Peprotech, Rocky Hill, NJ), 2 μM Purmorphamine (Stemgent, San Diego, CA), 
0.5 mM DibutyrylcAMP (Santa Cruz Biotechnologies, Dallas, TX), 10 μM DAPT (Selleckchem, 
Carlsbad, CA), 1 ng/ml TGFβ3 (R&D Systems, Minneapolis, MN) and 0.2 mM L-Ascorbic Acid 
(Sigma-Aldrich, St Louis, MO) were used in media formulations as needed. After 15 days of 
differentiation, cells were harvested from the 3D hydrogels and seeded on laminin-coated 
cover slips. Cells were cultured on the cover slips until they were fixed for imaging. Total 
days in vitro (DIV) thus equates to 15 days in 3D hydrogel plus the number of days in 2D 
culture. 
 
Latrunculin A experiments:  Cultured D35 neurons were treated for 1 hour at 37 °C with 20 
μM of latrunculin A (Invitrogen L12370) in their regular medium. They were then 
immediately fixed and labeled for imaging. Concurrently, DMSO control samples were 
treated with 1:250 DMSO (Sigma 900645) in the neuronal medium for 1 hour 37 °C and also 
immediately fixed (Figure 50A). 
 
Fixation and immunofluorescence labeling:  For experiments aimed at visualizing the actin 
cytoskeleton, cells were initially fixed and extracted for 1 min with a solution of 0.3% (v/v) 
glutaraldehyde and 0.25% (v/v) Triton X-100 in cytoskeleton buffer (CB, 10 mM MES, pH 
6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose and 5 mM MgCl2), and then post-fixed for 20 
min in 2% (v/v) glutaraldehyde in CB55,203,239. The glutaraldehyde-fixed samples were 
treated with freshly prepared 0.1% (w/v) sodium borohydride for 2x5 min to reduce 
background fluorescence caused by glutaraldehyde fixation. For other fixed-cell 
experiments, cells were fixed in 4% (w/v) paraformaldehyde in phosphate buffered saline 
(PBS) for ~20 min. For immunofluorescence labeling, cells were first blocked with a solution 
of 3% bovine serum albumin and 0.2% Triton X-100 in PBS, and then stained with 
corresponding primary and secondary antibodies. Primary antibodies used were rabbit anti-
TH (Pel-Freez P40101; 1:250) or chicken anti-TH (Abcam ab76442, 1:1000) for labeling of 
tyrosine hydroxylase, mouse anti-βII spectrin (BD, 612562; 1:50), rabbit anti-α adducin 
(Abcam ab51130; 1:200), rabbit anti-L1CAM (Sino Biological 10140-R004; 1:250), and mouse 
anti-α synuclein (Santa Cruz sc-12767; 1:100). For STORM imaging, AF647-conjugated 
secondary antibodies (at 5 µg/mL) were used. For fluorescent labeling of actin filaments, 
samples were incubated55 with AF647-conjugated phalloidin (Invitrogen A22287; 1:30) at a 
concentration of ~0.4 µM. 
 
STORM imaging and data analysis:  3D-STORM imaging37,54, epifluorescence imaging, data 
processing, and autocorrelation analyses were performed as described in Chapter 6.4.  
 
 
 
 
 
 



120 
 

Chapter 8:  The Huntington’s Disease Puzzle  
 
While SRM is an extraordinarily valuable tool for understanding (presumably) normal, 
healthy biological systems, as just detailed in the previous two chapters on NSCs, neurons, 
and glia, it can also be quite useful towards the diagnosis and study of abnormalities and 
disease. In this chapter, we explore how SRM helped to understand the biochemistry and 
pathophysiology of Huntington’s Disease in a mouse model. The content to follow is taken 
from a manuscript written in collaboration with Dr. Aris Polyzos, Dr. Cynthia McMurray, and 
others, and is in progress as of December, 2017355. 
 

8.1  Introduction 
 
Region-specific sensitivity characterizes Alzheimer’s disease (AD), Parkinson’s disease (PD), 
and Huntington’s disease (HD), but the basis for such local sensitivity is one of their most 
puzzling aspects.  These diseases share the property that mitochondria (MT) do not keep up 
with the energy demands of the cell356-359. However, AD, PD, and HD display region-specific 
cell death356,360-362 and even within those regions, only select cell types are targeted363,364. In 
HD, for example, the toxic, disease-causing mutant Huntingtin protein (mHtt), is ubiquitously 
expressed, but initially only the medium spiny neurons in the striatum are targeted for 
death364,365. Regional specificity, therefore, implies that MT dysfunction develops in response 
to changing cellular metabolism (Figure 54). MT dysfunction is thought to drive local toxicity, 
but remains poorly understood.  
 

 
Figure 54.  A neuron with oxygen radicals emanating from malfunctions (red circles) that may affect 
ATP production. Death of neurons in HD and other neurodegenerative diseases is intimately involved 
with failing MT. Oxidative damage can modify the membranes, proteins, and DNA in MT and in the 
nucleus, all of which are measureable deleterious changes in the HD brain. Image adapted from ref. 355.   

 
Despite significant effort, a cause-effect relationship between MT dysfunction and neuronal 
death has been difficult to establish. In postmortem brains, reduction in activity of the 
complexes II and III361,366-368, and IV of the electron transport chain (ETC) machinery occurs 
in the caudate or putamen361,366,369,370. Vonsattel371,372 developed a grade system from 163 
clinically diagnosed cases of HD, and ordered the macroscopic and microscopic criteria into 
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five grades (0-4) in ascending order of severity. In grade 1 disease, neuropathological 
changes are recognized microscopically in the medial paraventricular portions of the 
caudate nucleus, an observation that has driven research. However, in grade 0 brains, 
clinically diagnosed, but presymptomatic HD patients have no discernible microstructural 
abnormalities or deficiencies in striatal ETC activity, suggesting that dysfunction, if it occurs, 
minimally, does not precede obvious clinical abnormalities.  
 
At what stage MT “go bad” is unknown, and whether this transition is a primary cause or 
consequence of the region-specific pathophysiology remains elusive. Postmortem samples 
have the obvious and unavoidable problem that it is difficult to quantify or control for the 
impact of death and postmortem delay on tissue integrity. However, the results from animal 
models have not clarified the mechanism373. Mitochondrial dysfunction in HD-expressing 
primary neurons  has been reported to coincide with changes in membrane potential359,374, 
abnormalities in calcium dynamics375-377, and low ATP production378,379, among other 
anomalies373, but the results vary among models and often do not necessarily agree or align 
with human disease. For example, complex II, III, and IV (C-II, C-III, and C-IV) are documented 
as lost or reduced in human HD brains. However, there are no substantial differences in the 
bioenergetic properties of primary striatal neurons from HdhQ(150/150), YAC128, R6/2, and 
HdhQ(111/111) animals380 relative to controls.  Indeed, a detailed analysis of YAC128 mice 
reveals that mHtt also does not alter Ca2+ uptake capacity in striatal MT381. Furthermore, 
over the years there has been considerable debate as to whether MT are metabolically 
hypoactive or hyperactive in the disease state382,383, both of which have been reported.  
 
Early disturbances in the HD brain are likely to be the source of toxicity and the most 
effective point of therapeutic intervention. However, the well-established properties of 
mitochondrial bioenergetics have not directly led to an obvious understanding of the age- 
and region-specific nature of the disease. Indeed, the results of mitochondrial function have 
varied widely depending on the HD animal model used, and whether the sample is a MT, a 
cell, or a tissue section. Given the system heterogeneity, we lack consensus as to whether MT 
are the cause or consequence of disease pathology, and why mitochondrial dysfunction 
would be region-specific.   
 
A goal of the present analysis is to elucidate the basis for region-specific toxicity and the role 
of MT at the earliest stages of disease. By integrating tissue type, age, bioenergetic 
parameters, and a wide range of mitochondrial and metabolic features, we have uncovered 
unexpected drivers of region-specific toxicity in the HD brain that were not possible by 
evaluating a subset of features independently. We report here that there are no defects in 
neuronal cells in the striatum of the HdhQ(150/150) knock-in mouse model for HD animals. 
Rather, region-specific neuronal toxicity arises by a metabolic switch to fatty acid (FA) 
oxidation in normally glycolytic astrocytes. The mechanism we report here is one of 
metabolic compensation, and has surprising disease-dependent and disease-independent 
components.   
 



122 
 

8.2  Results 
 

8.2.1  Testing of HdhQ(150/150) and HdhQ(wt/wt) mice 
 
To evaluate the basis for region-specific changes, we dissected four regions of the brain and 
prepared primary synaptosomes from the striatum (STR), cortex (CTX), hippocampus (HIP), 
and cerebellum (CBL) from HdhQ(wt/wt) (wild type) or HdhQ(150/150) (Huntington’s 
disease model) mice. The HdhQ(150/150) line harbors a CAG tract of 150 repeats knocked 
into the mouse allele and more closely matches physiological conditions relative to fragment 
models384. HdhQ(150/150) mice are good models for metabolic testing since this late onset 
model of disease provides a wide window to resolve the earliest and age-dependent events 
in disease progression385. The initial decline of motor performance in this line occurs in the 
absence of neuronal death and in the absence of observable anatomical changes in their 
brains385, mimicking the pre-symptomatic state in human HD patients. Primary adult 
neurons rarely survive in culture and the effect of age has been difficult to evaluate. We 
prepared, instead, synaptosomes, which are “pinched off” nerve terminals (Figure 55) that 
are highly enriched in MT and viable at any age386, in addition to primary astrocytes. The 
metabolic and bioenergetic capacities of young (12-16 weeks) or old (>80 weeks) animals 
were measured as a function of age, genotype, cell type, and brain region. We refer to 
HdhQ(wt/wt) and HdhQ(150/150) mice as WT and HD, respectively, in the subsequent 
figures. 
 

 
Figure 55.  STORM analysis of the spectrin cytoskeleton in isolated synaptosomes from HdhQ(wt/wt) 
littermates and HdhQ(150/150) mutants. The quality of the synaptosome preparations was determined 
in part by the maintenance of the cytoskeleton, which is characterized by a stable spacing of spectrin 
and actin, documented to be 180-190 nm in axons57. (A) The spectrin spacing in synaptic axons attached 
to isolated HdhQ(wt/wt) brain synaptosomes is distributed around 180-190 nm, while (B) the 
HdhQ(150/150) synaptosomes similarly ranged from 180-190 nm. These values are consistent with 
good structural integrity. Scale bars: 500 nm. Axial (color) scale is as in Figure 33A. 
 

8.2.2  The bioenergetic output of synaptosomal MT does not change with age in 
HdhQ(150/150) and  HdhQ(wt/wt) mice 
 
Basal bioenergetics did not distinguish MT in brain synaptosomes from HdhQ(wt/wt) and 
HdhQ(150/150) mice. Oxygen consumption rate (OCR) from basal, ATP turnover (oxidative 
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phosphorylation), proton leak, and non-mitochondrial contributions were similar. 
Glycolysis, as measured by the extracellular acidification rate (ECAR), was also similar in the 
sensitive STR in the basal state at all ages tested. Neither OCR nor ECAR, the two major 
energy-producing pathways, distinguished the residual synaptosomes from young or old 
HdhQ(150/150) and HdhQ(wt/wt) animals in STR, despite the fact that 50% of the striatal 
neurons had died at older ages. 
 
We were unable to find additional evidence for mitochondrial dysfunction in surviving 
synaptosomes at any age. The overall structure of the residual striatal tissue was unchanged 
in both genotypes. STORM of the cytoskeletal structure indicated that the spectrin spacing 
in the synaptosomes from HdhQ(150/150) and HdhQ(wt/wt) mice was similar to that 
reported for the cytoskeleton in normal neurons (Figure 55), establishing the quality of 
synaptosomal architecture. Additionally, using SRM, we identified MT by co-staining with 
antibodies to the outer mitochondrial protein 20 (TOM20) in synaptosomes validated by 
spectrin staining (Figure 56A,B,D,E). STORM imaging revealed that MT of synaptosomes 
were sometimes smaller in HdhQ(150/150) synaptosomes relative to controls (Figure 
56C,F,G,H), but, overall, there were no significant differences in the average TOM20 staining 
density with age and genotype (Figure 56C,F,G,H).  Consistent with the bioenergetics results, 
SDS-PAGE resolution and antibody staining confirmed that ETC complexes I-V were 
equivalent in synaptosomes from HdhQ(150/150) and HdhQ(wt/wt) mice in both the 
sensitive STR and the resistant CBL, all of which retained enzymatic activity with age (data 
not shown). MT in brain synaptosomes were not apparently compromised in this late onset 
model of HD at any age and in any brain region.  
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Figure 56.  βII spectrin and MT in synaptosomes. (A,D) Zoomed-in STORM images of βII spectrin in 
synaptosomes isolated from WT-strain (A) and HD-strain (D) mice. The outline of spectrin cytoskeleton 
indicates a relatively homogeneous synaptosomal preparation. (B,E) xz cross-section of (A,D), 
respectively. (C,F) Zoomed-out view displaying a super-resolution image of MT from isolated striatal 
synaptosomes stained with TOM20. Axial (color) scale is as in Figure 33A. (G,F)  Box-and-whisker 
plots showing the size distribution of MT in isolated striatal (G) and cerebellar (H) synaptosomes. The 
samples imaged, from left to right, were taken from WT 20 weeks (red), HD 20 weeks (green), WT, >80 
weeks (blue), and HD, >80 weeks (orange) mice. Size was determined based on epifluorescence images 
of TOM20. Note: only structures with size greater than 11 pixels were considered for this analysis; 
structures below this size are believed to be too small to be MT. While the average area of MT taken 
from HD old mice is similar to that of WT old mice in the CBL, the same is not true of the STR: average 
mitochondrial size is markedly diminished in the HD old mice of the STR, in comparison to the WT old 
mice of the STR. 
 

8.2.3  MT from astroglia in STR from HdhQ(150/150) animals have C-II defects 
 
The robust OCR and ECAR in the residual striatal synaptosomes were puzzling, and at odds 
with the fact that 50% of the neurons had died by 80 weeks. If neuronal MT were intact, we 
asked whether there were non-neuronal sources of toxicity. Astrocytes are important 
support cells and a second major cell type in the brain. Thus, we prepared primary astrocyte 
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cultures from P10 embryos, and tested whether ECAR or OCR were altered in MT from 
HdhQ(150/150) relative to HdhQ(wt/wt) animals.  
 
There were no abnormalities in astrocyte glycolysis, as evaluated by glucose starvation and 
glycolysis blocking. However, region-specific and genotype-specific mitochondrial 
dysfunction was obvious in the OCR of astrocytes from HdhQ(150/150) animals (Figure 57). 
The addition of succinate selectively failed to stimulate OCR in astrocyte MT from 
HdhQ(150/150) mice. No defects in succinate utilization were observed in any brain region 
of HdhQ(wt/wt) littermates. If the astrocyte C-II defect in HdhQ(150/150) mice explained the 
region-specific death, it should be restricted to the STR.  Consistent with that idea, the 
suppressed response of C-II to succinate was not observed in astrocytes isolated from the 
resistant CBL of HdhQ(150/150) animals. Succinate dehydrogenase (SDH) (i.e., C-II) activity 
was reduced in the astrocytes from STR of HdhQ(150/150) mice, while the other ETC 
enzymes were unaffected.  Thus, at early stages, region- and genotype-specific C-II defects in 
HdhQ(150/150) animals were limited to astrocytes and occurred early in development. 
 

8.2.4  Loss of C-II protein is not equivalent to loss of C-II activity in astrocyte MT in 
HdhQ(150/150) mice 
 
Consistent with the reduced succinate response, roughly half of the C-II was lost in the 
striatal astrocytes of HdhQ(150/150) animals. , however, C-II was not the only ETC complex 
lost. Indeed, C-I, C-III, C-IV, and C-V were reduced by 30-60% relative to astrocytes of 
HdhQ(wt/wt) tissue on SDS-PAGE gels, but their loss occurred without altering their cellular 
ETC enzyme activity or their bioenergetic properties. Thus, selective loss of the C-II protein 
complex did not entirely explain selective loss of C-II activity. 
 
The loss of all five ETC complexes was region-specific.  We observed little change in any of 
the ETCs in the CBL in HdhQ(150/150) animals (data not shown). The number of MT was 
equivalent in astrocytes from both genotypes in both sensitive STR and resistant CBL. 
Moreover, we have reported previously that neuronal loss in HdhQ(150/150) mice is not 
accompanied by significant loss of glial density in the STR with age373. Thus, the 50% 
reduction in the ETC complexes was not due to loss of half the MT or loss of half the 
astrocytes. Either 50% of the MT were dysfunctional (i.e., only half the MT population 
retained their ETC complexes), or each mitochondrion had lost half its ETC population.  
 
We distinguished between these possibilities using SRM of C-II as a representative complex.  
Co-staining of TOM20 (MT) and SDH (C-II), and overlapping the two images detected the 
fraction of bound C-II (Figure 57A-D). The density of SDH staining per area MT (TOM20 
staining) was roughly 50% in the STR of HdhQ(150/150) animals relative to C-II density in 
striatal MT from HdhQ(wt/wt) animals, or to the density of C-II on MT from the CBL of either 
genotype (Figure 57E). It appeared that the majority of MT had lost part of their C-II. Thus, 
C-II loss correlated with the succinate defect, but based on protein expression alone, there 
was no obvious reason why C-II in astrocytes from HdhQ(150/150) animals should be 
selectively impaired if all five ETC complexes were reduced to the same extent. C-II was 
either poorly coupled relative to other ETC complexes retained on the mitochondrial 
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membrane, or there was an underlying metabolic defect that selectively affected C-II activity 
downstream. 
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Figure 57.  Metabolomic profiles of mouse brain tissues are differentiated by brain region, genotype, 
and age. (A-D) Localization of C-II in astroglial MT taken from CBL of WT mice (row (A)), CBL of HD 
mice (row (B)), STR of WT mice (row (C)), and STR of HD mice (row (D)). Column (i): representative 
conventional images of TOM20-labeled cells. Column (ii): STORM of C-II in the same areas as (i), 
visualized by antibody staining to succinate dehydrogenase (SDH). Column (iii): overlay of respective (i) 
and (ii) images. Axial (color) scale is as in Figure 33A. (E) Box-and-whisker plot of the density of 
mitochondrial C-II STORM localizations per unit area of MT in mouse astrocytes. The area of MT was 
calculated from the TOM20 epifluorescence signal (column (i)). The samples, from left to right, were 
isolated from the CBL of WT-strain mice (red), the CBL of HD-strain mice (green), the STR of WT-strain 
mice (blue), and the STR of HD-strain mice (orange). The average density of C-II in the STR of the HD 
mice is significantly lower than the WT mice. All data normalized to average density of combined 6 
images from WT STR sample. Scale bars: 2 μm. 

 

8.2.5  FA metabolites are elevated in the STR in HdhQ(150/150) animals 
 
Our collaborators used gas chromatography (GC)-Time-of-flight (TOF) mass spectrometry 
(MS) to test whether there were metabolic defects that might confer regional C-II sensitivity 
in the STR of HdhQ(150/150) mice. Tissue from three brain regions (STR, HIP, and CBL) was 
dissected from the same brains, and the array of metabolites in each region was displayed 
visually using the published strategy based on MetaMapp387 (Figure 58A), a biochemical 
graphing approach that groups metabolites based on chemical similarity. By the ratio of 
metabolites in HdhQ(150/150) to HdhQ(wt/wt) littermates, we were able to construct a 
visual “disease fingerprint” of each region to display only the metabolic pathways that were 
altered in the disease state (Figure 58B).  
 
Three observations were significant. First, the disease fingerprint in each brain region 
harbored a “signature” pool of metabolites, which provide a distinct set of non-glycolytic 
intermediates as substrates (Figure 58B). Circulating glucose is suppressed in HD patients 
and in HdhQ(150/150) mouse models367,368,378,388-394. In the disease state of young animals, 
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the sensitive STR was characterized by a reduction in glycolytic and tricarboxylic acid (TCA) 
cycle intermediates, a diminished content of amino acids (AAs), and an elevated FA pool 
relative to the basal state. Second, the metabolic changes in the STR were nearly opposite 
that of the CBL, which had no rise in FAs or loss of AAs, glycolytic or TCA intermediates at 20 
weeks (Figure 58B,C). These findings were significant, since the STR is the most susceptible 
region of the brain, and CBL is relatively resistant395-397. In contrast to the STR, the basal 
metabolic profile of the CBL in young, 20 week animals398 did not change significantly in the 
disease state, and had the same metabolic profile as it did in the basal state398. The HIP, which 
has intermediate sensitivity, shared with the STR the property that glycolytic and TCA 
metabolites were reduced in the disease state. However, that region lacked alterations in FAs 
and AAs that were characteristic of the STR (Figure 58C). Third, although there were some 
changes that occurred at older ages, there were, in general, no specific patterns or clustering 
in either the HIP or the CBL of old animals (around >80 weeks). As compared to other brain 
regions, the metabolic signature for the sensitive STR of HdhQ(150/150) animals comprised 
low glucose, low AAs, and high FAs (Figure 58D), suggesting that the substrates for glucose 
renewal were low, but the enriched FAs were elevated during disease progression (Figure 
58D). This pattern was the inverse of resistant CBL measured in the brains of the same 
animals. Thus, the metabolic profiles in HdhQ(150/150) animals at 12-16 weeks defined 
early metabolic changes in the STR and aligned with the earliest defects in succinate 
metabolism in isolated astrocytes.  
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Figure 58.  A disease fingerprint identifies the metabolites that are altered in the disease state in each 
brain region. Distinct brain regions harbor discrete ‘‘signature’’ pools of non-glycolytic substrates for 
energy production. Reconstructed metabolic network (MetaMapp) composed of biochemical reaction 
pairs (enzymatic transformation) and structural similarity. (A) Schematic representation of chemical 
class grouping of metabolites from MetaMapp analysis. (B) MetaMapp of STR in 20-week animals 
(young). Node colors indicate significant changes of metabolite levels (p < 0.05) in HD brain regions 
compared to those in WT (red=elevated metabolites, blue=decreased metabolites in HD brain). Node 
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size represents the fold change of differentially-expressed metabolite in HD brain compared to the 
control. (B) MetaMapps of CBL in young HD mice (upper panel) and of STR in old HD mice (lower panel). 
(C) MetaMapp grouping of (upper) disease fingerprint in CBL in young animals and (lower) in CBL of 
old animals. (D) Enlarged visual panel of the chemical categories that characterized the sensitivity and 
resistance among brain regions. The arrow indicates the direction of increasing sensitivity. High FAs 
and low AAs identified the sensitive STR; low FAs and high AAs identified the resistant CBL. 

 

8.2.6  Striatal astrocytes hypermetabolize FAs 
 
Astrocytes are normally glycolytic. WT astrocytes were cultured in glucose media (GL) 
containing 25 mM glucose, supplemented with amino acids, while the HdhQ(150/150) 
astrocytes were cultured in media containing low glucose (1 mM) and supplemented with 
FAs. Since FA oxidation is accompanied by reactive oxygen species (ROS), we measured OCR 
side-by-side with the level of ROS. Respiration in FA media restored OCR in astrocytes from 
HdhQ(150/150) animals to that of control astrocytes, despite the fact that the level of C-II 
itself remained half that of controls. ROS was higher in astrocytes of HdhQ(150/150) animals 
relative to controls under all media conditions, consistent with the idea that glycolysis was 
the preferred pathway in control astrocytes, while oxidative phosphorylation was favored in 
astrocytes of HdhQ(150/150) animals. However, the recovery of the OCR by addition of FAs 
did not reduce the production of ROS. Low glucose conditions, as observed in the HD brain, 
drove the alternative use of FAs in HdhQ(150/150) astrocytes. Striatal astrocytes apparently 
metabolically compensated for the succinate defect, and maintained energy output by using 
their inherent FA pools in the disease state.  
 
To further test the importance of FA use, we directly measured β-oxidation activity in 
HdhQ(150/150) astrocytes compared to that of synaptosomes, which were unaffected in the 
disease state. Whether the animals were young (12-16 weeks) or old (>80 weeks), the 
enzymes to carry out β-oxidation in neuronal synaptosomes had equivalent activity 
independent of genotype and brain region. We followed FA β-oxidation in astrocytes to 
completion by measuring the production of CO2 and acid soluble TCA metabolites after 
addition of 14C-oleate. Despite the C-II defect, surprisingly, addition of 14C-oleate to striatal 
astrocytes in HdhQ(150/150) animals consistently elevated production of CO2 and acid-
soluble metabolites relative to the comparable regions of HdhQ(wt/wt) littermates. The 
elevated production of acid-soluble, metabolic products was genotype- and region-specific, 
as it was not observed in astrocytes of HdhQ(wt/wt) littermates, or in the resistant CBL in 
either genotype. Collectively, the results support the idea that MT “hypermetabolize” FAs to 
meet the bioenergetic demand. 
 

8.2.7  A switch to FA oxidation occurs in metabolically active tissues of HdhQ(150/150) 
animals 
 
We tested whether the results measured in isolated synaptosomes and astrocytes also 
occurred in metabolically active whole brain tissue where neurons and astrocytes co-exist 
in the same microenvironment. Since FA oxidation produces substrates for C-I (NADH) and 
C-II (FADH2), an increased demand for FA oxidation predicts that (1) NADH and FADH2 levels 
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would increase as byproducts and (2) that ROS should increase. ROS is indeed elevated in 
astrocytes cultures from HdhQ(150/150) animals (data not shown). 
 

NADH has intrinsic autofluorescence, the lifetime of which is shortened if the NADH is free 
compared to bound. This lifetime can be detected by fluorescence lifetime microscopy 
(FLIM). The heterogeneous composition of astrocytes and neurons in the brain is well 
documented399,400, and directed laser scanning was required to ensure that enriched glia or 
neurons were being measured discretely. If a region-specific shift to FA oxidation occurred 
in HdhQ(150/150) animals, we predicted that the free NADH pools in the glia of the sensitive 
STR would be higher than in the resistant CBL, as measured by FLIM. Glia in STR and CBL in 
older animals had an equivalent fraction of free NADH, independent of genotype. However, 
at young ages (20 weeks) when elevated FAs were obvious, the faction of free NADH in the 
glia of the sensitive STR of the HdhQ(150/150) animals was significantly higher relative to 
glia of age- and gender-matched controls. In contrast, the fraction of free NADH in the 
resistant CBL and HIP was unchanged in both genotypes, at the equivalent ages.  Thus, in 
metabolically active brain sections of the STR at young ages, the free dynamic pools of NADH 
was higher in HdhQ(150/150) animals, consistent with an early tissue-specific shift to a FA 
hypermetabolic phenotype in HdhQ(150/150) astrocytes (data not shown). Thus, elevated 
FA oxidation occurred in vivo, resulting in an increase in the substrates for C-I and C-II.  
Indeed, addition of NADH and FADH2 to cultured striatal astrocytes from HdhQ(150/150) 
animals restored the succinate-dependent OCR response to that of control cells (data not 
shown).  
 

8.3  Discussion 
 
The basis for region-specific toxicity is one of the most puzzling aspects of HD, and is thought 
to arise from dysfunctional MT. Because the region-specific responses in the HD brain have 
been widely investigated without consensus, here, by design, we undertook a 
comprehensive, detailed and multi-parameter analysis to resolve the mechanisms for 
region-specific responses in the HD brain. Remarkably, the mechanism of region-specific 
toxicity is one of metabolic compensation, and has unexpected disease-dependent and 
disease-independent characteristics. Three novel features of region-specific toxicity in HD 
emerge from the analysis.   
 
Region-specific mitochondrial dysfunction at the earliest stage is cell type specific.  Disorders 
such as HD are traditionally considered to be neuronal in nature, yet emerging evidence 
suggests that astrocytes contribute to neuronal toxicity401,402. We report here that there is 
no mitochondrial dysfunction in brain synaptosomes from HdhQ(150/150) animals in any 
region at any age tested. Rather, region-specific neuronal toxicity in HdhQ(150/150) mice 
arises in the normally glycolytic astroglial cells by a metabolic shift to FA oxidation as a 
primary fuel source. Striatal transplantation of normal glia rescues aspects of 
electrophysiological and behavioral phenotype, slows disease progression, and extends 
survival in R6/2 HD mice403. The integrated metabolic analysis we report here not only 
places HD in a growing list of neurodegenerative and neurological disease that involve 
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astrocytes, but also that, at the earliest stage of disease, metabolic abnormalities in STR of 
HdhQ(150/150) mice occur exclusively in this cell type.  
 
Region-specific toxicity is an inherent property of the STR.  Glucose is low in the brains of 
human HD patients, and low glucose is confirmed in the disease fingerprint profiles in our 
HdhQ(150/150) mice. Although mHtt expression imposes stress throughout the brain, 
region-specific toxicity is an inherent metabolic property of the STR, which determines how 
well it responds to the stress. We find that each brain region is characterized by a distinct, 
non-glycolytic “signature” pool of metabolites that equip the region with a distinct ability to 
respond to the stress. The STR lacks ketogenic and glycogenic AAs to renew glucose, but is 
inherently rich in FAs398, and elevates them as substrates to overcome the deficit in the 
disease state. Indeed, we demonstrate here that FA levels, β-oxidation, and NADH are 
elevated in the STR but not in the CBL of astrocytes from HdhQ(150/150) mice. In contrast, 
resistant cerebellar astrocytes are rich in ketogenic and glycogenic AAs, and have 
mechanisms for ATP generation that do not depend on the slow breakdown of fat. There is 
no loss of ETC complexes, no defect in succinate stimulation of OCR in the CBL, and we find 
that ECAR in the CBL increases with age, which indicates that glucose renewal has occurred 
in this region.  
 
In the most basic sense, we view region-specific death in HD as “disease-independent”. The 
use of the inherent, existing pools drives the choice of metabolic pathways best able to 
compensate for the energy deficit. The STR has limited resources for glycolysis and turns to 
FA oxidation for energy production, while cerebellar astrocytes appear to maintain 
glycolysis through glucose renewal. Because FAs compensate for the OCR defect only when 
glucose is low and glycolytic CBL are unaffected, we propose that the regional level of glucose 
plays a role in ordering sensitivity. We envision that brain regions best able to regenerate 
glucose from their endogenous metabolites are likely to survive the longest.  
 
The shift to FA oxidation metabolically compensates for the C-II defect.  We, like 
others373,395,404-406, find that striatal astrocytes are characterized by suppression of OCR in 
response to succinate in HdhQ(150/150) animals, and that C-II proteins are lost in astrocytes. 
However, supplementation of the media in astrocytes cultures with FAs and ETC complex 
substrates metabolically normalizes OCR in striatal astrocytes of HdhQ(150/150) animals to 
that of control cells, and maintains energy homeostasis in MT, even when 50% of their ETC 
complexes are lost. Thus, metabolic compensation by FA oxidation appears to mask an 
elevation of C-I substrates. We show here by FLIM that (1) C-I substrate NADH is elevated in 
metabolically active tissues, (2) C-I activity is elevated relative to other ETC complexes in 
astrocytes, and (3) there is no decline in OCR-dependent inhibition in astrocytes of 
HhdQ(150/150) animals relative to WT, despite the fact that they have twice the C-I level. 
Since they are not electron entry points, nearly 50-70% of C-III and C-IV can be lost with 
minimal effects on activation or inhibition of OCR driven by these complexes, as we observe. 
The results provide evidence that metabolic compensation increases electron entry through 
C-I by elevating its substrates, and is unlikely to depend directly on the loss of ETC 
complexes. 
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Two-stage model for region specific disease.  Whether mitochondrial dysfunction is cause or 
consequence of region-specific toxicity is unknown. We propose a two-stage metabolic 
model for region-specific toxicity (Figure 59). In the initial phase, striatal astrocytes do not 
provide efficient fuel to support their fully functional MT. The initial switch to FA oxidation 
is a successful metabolic strategy for striatal astrocytes to compensate for low glucose and 
elevates production of C-I and C-II substrates in order to maintain energy output in the face 
of increasing disease stress. In the second stage, MT lose ETC complexes, resulting in 
dysfunctional MT that cannot efficiently harness the C-I and C-II substrate binding into 
energy production. FA shortening is increasingly unable to compensate for the energy 
shortfall over time, MT transition to oxidative “hyperdrive”, and so begins a destructive cycle 
that accelerates β-oxidation in a futile attempt to keep up with the escalating energy gap.  
Astrocytes in HdhQ(150/150) animals lose ETC complexes, and this decrease is present at 
the time of isolation. Thus, we are unable to precisely determine whether FA oxidation and 
ROS drive ETC complex loss or whether ETC complex loss drives ROS in striatal astrocytes.  
Independent of the order, elevated ROS is a plausible pivot to shift the equilibrium between 
stressed but fully functional MT to dysfunctional MT that lack ETC complexes or are 
otherwise impaired. In such a model, MT are both cause and consequence of disease toxicity 
depending on the stage. Although it has been debated whether MT are hyperactive or 
hypoactive, our results provide strong evidence for the former.  
 
Why striatal neurons rather than astrocytes die is unknown. In vivo, astrocytes provide 
lactate to neurons as a major source of energy, and replenish the neuronal pool of glutamine 
and recycle glutamate407-409. To date, we have been unable to establish a clear link between 
this metabolite and neuronal survival in HdhQ(150/150) animals. However, neurons survive 
better under low glucose conditions and depend on oxidative phosphorylation rather than 
glycolysis to generate energy410. Indeed, as measured by metabolic FLIM, the neurons 
undergo a more dramatic shift to FA oxidation, which is accelerated in HdhQ(150/150) 
animals relative to controls as they age. FA oxidation demands more oxygen than glucose, 
providing a greater risk of neurons becoming hypoxic and inhibiting neuronal MT from 
carrying out oxidative phosphorylation. The rate of ATP generation based on adipose tissue-
derived FAs is slower than that using blood glucose as fuel411. There is substantial evidence 
for glutamate excitotoxicity in HD neurons401,412-414 and glia function to regulate calcium 
removal and glutamate-glutamine cycling to neurons. Thus, in periods of rapid firing, FA 
oxidation does not guarantee sufficient ATP generation in active neurons in the disease state.  
We propose that region-specific neuronal death occurs when astrocytes are no longer able 
to metabolically support efficient neuronal signaling from the available fuel, and/or neurons 
become irreparably damaged by the resulting ROS produced.   
 
Here we provide evidence for a metabolic shift model for HD that promotes the use of 
endogenous metabolites to rise to the energy challenge. However, the ability of endogenous 
metabolites to compensate for early imbalances may provide a more general mechanism for 
region-specific neuronal toxicity. Each distinct disease protein or susceptibility factor exerts 
its own degree of stress, and demands a region-specific response to offset toxicity. While in 
HD the STR is targeted for death, a unique metabolic “signature” fingerprint may provide a 
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general context in which a particular disease protein is able to sustain energy production in 
one region better than in another.  
 

 
Figure 59.  A two-stage model for region-specific toxicity in HD. Astrocytes have privileged access, 
uptake glucose from the blood, and convert glucose to lactate, which is shuttled to neurons as an energy 
source for MT. Under disease stress, blood glucose is low. MT overcome the challenge by using their 
inherent metabolites as energy sources. Striatal cells are rich in FAs and successfully switch to FA 
oxidation to avoid an energy crisis. FA usage maintains normal OCR in astrocyte MT, which are 
functional, but stressed. The early switch to FA oxidation is a successful metabolic response of intact MT 
to compensate for disease stress, while disease progression proceeds when dysfunctional MT lacking 
their full ETC complement fail to meet the energy demand from the available fuel.  Disease progression 
occurs when ETC components are lost. Defective MT shift into a FA “hypermetabolic” mode and escalate 
production of NADH and FADH2 as fuel for C-I and C-II.  The toxic cycle of FA hypermetabolism-ETC loss-
ROS accelerates in a futile attempt to correct the increasing energy defect. Compromised MT can no 
longer metabolically support and regulate their neurons, or they are irreparably damaged by ROS. 
 

8.4  Methods 
 
Fixation and immunofluorescence labeling:  Cells were fixed in 4% formaldehyde in 
phosphate buffered saline (PBS) for ~20 min. For immunofluorescence labeling, cells were 
first blocked with a solution of 3% bovine serum albumin and 0.1% saponin in PBS, and then 
stained with corresponding primary and secondary antibodies in the same blocking solution. 
Primary antibodies used were mouse anti-βII spectrin (BD, 612562; 1:50), rabbit anti-
TOM20 (Santa Cruz, sc-11415; 1:200), and mouse anti-mitochondrial complex 2 (Invitrogen, 
459230; 1:400). For STORM imaging of synaptosomes, an Alexa Fluor 647-conjugated 
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secondary antibody was used to label βII spectrin. For STORM imaging of MT, Alexa Fluor 
647-conjugated and Alexa Fluor 555-conjugated secondary antibodies (at 5 μg/mL) were 
used to label mitochondrial complex 2 and TOM20, respectively.  
 
STORM imaging:  3D-STORM imaging and epifluorescence imaging were performed as 
described in Chapter 6.4. 
 
Data analysis: 3D-STORM raw data were processed according to previously described 
methods37,54. Single-molecule localization analysis was performed using identical 
parameters between samples. Separately, a binary black-and-white image of the 
epifluorescence image of TOM20-Alexa Fluor 555 was generated based on a preset threshold 
of fluorescence intensity. Using a nearest neighbor analysis, pixels above the threshold that 
were directly adjacent were considered as part of the same individual mitochondrion, and 
these MT were indexed by the program. As each pixel is 160 x 160 nm, any structure 
containing fewer than 12 pixels was taken as too small to be a mitochondrion, and was 
discarded from further analysis. After this, the single-molecule localization data of 
mitochondrial C-II was mapped onto the binary image of TOM20 taken of the same area. A 
MATLAB program then counted the number of single-molecule events localized in each 
mitochondrion. Six images were taken of each sample, and the data were pooled to gather 
statistics on average number of single-molecule events per unit area of mitochondrion. Thus, 
number of single-molecule localizations was used as a proxy for amount of mitochondrial C-
II in the MT. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



136 
 

Chapter 9:  Megakaryocytes and Platelets:  Waxing Poietic 
 
The content to follow is derived from a manuscript written in collaboration with Dr. Joseph 
E. Italiano and Professor John Hartwig of Harvard University, and is in progress as of 
December, 2017415. 
 

9.1  Introduction 
 
As already discussed at great length, unique and periodic spectrin-based ultrastructures 
have emerged in a plethora of cell types native to the neurogenic niche. However, the first 
suggestion that spectrin has a high capacity for self-ordering was actually reported much 
earlier, in EM studies of the erythrocyte cytoskeleton after membrane extraction416. A 
remarkable lattice of (mostly) hexagonal tessellations composed of nodes of spectrin 
connected by short actin filaments revealed itself in these images. Interestingly, it has since 
been discovered that this erythroid polygonal ordering was not biologically relevant, but 
rather an artifact induced by harsh sample preparation involving cell expansion on EM grids, 
staining with heavy metal salts, and air drying417,418. In fact, the structure of the cytoskeleton 
under physiological conditions is more likely a densely packed, heterogeneously spaced 
network of filaments, instead of the ordered lattice-like network previously seen by 
negative-stain. This case study underscores the point, as expounded upon in Chapter 2.3, 
that the electron microscopist must take great care in biological sample preparation. 
 
In light of this interesting narrative, we concluded that cells of hematopoietic lineage would 
be an auspicious application for structural studies via SRM. Apart from red blood cells, 
another critical element of blood fractions is that of platelets. Platelets are well-known as the 
primary factors for blood clotting, but they are also indispensable for angiogenesis, innate 
immunity, and hemostasis, to name just a few roles. They are produced by a type of cell called 
a megakaryocyte (MK), which resides in the bone marrow and has the capacity to each 
produce ~100-1,000 platelets419. Of course, certain diseases and conditions can result in an 
attenuated platelet count. Thrombocytopenia, the condition of low blood platelet number, is 
a major clinical bottleneck and places an undue strain on blood banks; platelet transfusions 
in the US alone total more than 2 million units per year420. Understanding the structure, 
biomechanics, and biochemistry of this cell type is an important step towards controlling in 
vitro MK expansion and maturation into platelets as a major source of platelets for 
transfusions.  
 
Moreover, we were especially intrigued by the fact that MKs and platelets, together with 
neurons421,422, are the only cells known to express both αII/βII spectrin isoforms (which 
together promote stable protein complexes and a more rigid plasma membrane423,424) and 
αI/βI spectrin isoforms (which allow for more dynamic and flexible membranes423,424) at 
appreciable levels422. Assembly of two αII-βII spectrin dimers into tetramers is required for 
the MK invaginated membrane system (IMS) maturation and proplatelet extension (see 
Figures 60 and 61)422. Similar to erythrocytes, the αI-βI spectrin cytoskeleton is quite critical 
for proper platelet function as they circulate through the vasculature. As well, both types of 
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spectrins are involved in anchoring transmembrane proteins to the internal cytoskeleton, 
through interaction with a variety of accessory proteins (Figure 60). But the exact nature of 
the spatial organization of αI-βI and αII-βII spectrins, as well as other cytoskeletal proteins, 
remains to be explored. Indeed, to date, only a few studies have exploited SRM to address 
questions about the nanoscale corpus in healthy and diseased MKs and platelets, none of 
which involved spectrin425-428. EM studies of platelets, meanwhile, fail to reveal the spectrin 
ultrastructure due to the excessive density of actin filaments, which obscures the spectrin 
structure. To fill this void, we here describe the cytoskeletal architecture of healthy MKs and 
their progeny (proplatelets and platelets) with nanoscale detail using 3D-STORM. 
 

 
Figure 60.  Model of spectrin together with a number of its associated proteins. Spectrin is a tetramer 
that forms by the head-to-head association of pairs of α-β dimers. The fully stretched tetramer reaches 
~200 nm in length. At each end of the spectrin tetramer is an actin-binding domain in the N-terminal 
region of β spectrin. The spectrin-actin interaction is promoted by protein 4.1. Short actin filaments 
capped by adducin cluster spectrin–4.1 complexes. Other proteins in these junctions include 
tropomyosin and tropomodulin, along with others not shown. Protein 4.1 and ankyrins bind numerous 
membrane proteins, so spectrin act as scaffolds for the assembly of multi-protein complexes. It has been 
proposed that the moderate affinity of αI-βI dimers to tetramerize leads to dynamic rearrangements 
and a more flexible cortical cytoskeleton suited to cells circulating through vasculature. On the other 
hand, the high affinity of αII-βII dimers for tetramerization promotes stable protein complexes and a 
more rigid plasma membrane. Image adapted from ref. 429.  
 
An important point that we wish to clarify before continuing: the reader may have noted in 
this and other sections, we refer to certain structures as “disordered.” This statement is not 
meant to suggest that the cell is forming a truly random structure. Rather, it is our belief that 
the cell carefully and intentionally orchestrates the spatial distribution of its cytoskeletal 
proteins, ultimately implying that the structure is, in fact, highly ordered. However, due to 
our still limited knowledge of cellular systems, it is far beyond us to speculate about the true 
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design of each cell. What we do mean by “disordered” is the tendency of the cytoskeletal 
proteins to have a wide distribution of inter-protein distances and orientations.  
 

 
Figure 61.  Model of platelet production from MKs as suggested by present data and previous 
studies415,422. (A) Immature MKs first develop the IMS internally as they mature. Assembly of the spectrin-
based membrane skeleton is involved in the creation of the IMS, providing a membrane reservoir for the 
formation of proplatelets. (B) Proplatelet production from mature MKs begins with the extension of 
pseudopodia that use unique bundles of microtubules to elongate and form proplatelet processes. 
Proplatelet membranes are lined with a spectrin undercoat. (C) As proplatelets elongate in the mature 
MK, expansion of the membrane surface area requires the outflow of the IMS. (D) The entire MK 
cytoplasm is converted into a mass of proplatelets and preplatelets (discoid cell fragment ~2-10 μm in 
diameter), which are released from the cell. (E) Preplatelets convert into barbell-shaped particles, and 
platelets are released after the final fission event. Image adapted from ref. 422. 

 

9.2  Results 
 

9.2.1  Immature MKs exhibit a dense and desultory pattern of βI and βII spectrin at the 
plasma membrane and in the cytosol 
 
As mentioned previously, a single MK can generate up to thousands of platelet descendants. 
MKs produce this remarkable number of platelets by undergoing a process called 
endomitosis, whereby the chromosomes can divide up to 7 times without cellular division, 
resulting in 4N to 128N chromosomes. This enormous DNA copy number is thought to 
facilitate tremendous protein expression levels and therefore prodigious platelet 
production419,430. We examined immature MKs both pre-endomitosis (monoploid cells) and 
peri-endomitosis (polyploid cells). 
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As with most cell types outside of the CNS and studied thus far with SRM, both erythroid and 
non-erythroid spectrin were found to be aperiodic in immature MKs. Though monoploid 
cells were observed to be much smaller than polyploid cells, as expected, with 
disproportionately smaller nuclei, they presented with similar densities of βII spectrin on 
the plasma membrane outside the nucleus (compare Figure 62D-F vs. Figure 63E-G). The 
region in Figure 62D, for example, is of the C-terminus of βII spectrin on the bottom half of a 
monoploid MK. Through cluster analysis, we computed the location of each protein and 
calculated the average of the two-dimensional distances between each protein’s two nearest 
neighbors (Figure 62F). This analysis is a good proxy for spectrin density, and represents a 
method by which to evaluate the regularity of inter-particle spacing, i.e., “orderliness.” In 
order to mitigate conflation of the IMS spectrin with membrane spectrin, we confined our 
analysis to the bottom plasma membrane of the cell. Of all the proteins localized in that area, 
the average separation with the two nearest neighbors in this monoploid cell was found to 
be ~79 nm. Meanwhile, Figure 63E shows βII spectrin on the bottom half of a cytosolic region 
of a polyploid MK. Here, the average distance between the two nearest neighbors is ~75 nm, 
very close in value to the monoploid analogue.  
 
While polyploid MKs express a high level of βII spectrin outside the nucleus, we further 
discovered a lower but still high amount of protein right below the cell nuclei (Figure 63H-
J). Inter-protein spacing is higher (~130 nm, on average, compared to ~75 nm away from 
the nucleus), but was not found to have a tessellating pattern in either region. Within the 
nuclei themselves was also a surprisingly high density of spectrin (see Figures 62B and 63C). 
The reason for this high density of spectrin in the nucleus is not clear, although it may be 
important for continued nuclear divisions.      
 

 
Figure 62.  Analysis of an immature, monoploid MKs labeled for βII spectrin (C-terminus). (A) Zoom-
out view of entire cell. Scale bar: 2 μm. (B) xz cross-section of the purple region outlined in (A). Spectrin 
is localized mostly to the plasma membrane (visible as two distinct layers), but with a significant 
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amount between the bilayer. (C) Zoom-in of yellow region outlined in (A), showing a structure that is 
relatively dense with spectrin. Scale bar: 500 nm. Inset: xz cross-section of the red region outlined in (C), 
revealing that the spectrin structure is hollow. (D) Bottom half of cell in (A). Scale bar: 2 μm. Axial 
(color) scale is as in Figure 33A. (E) Histogram of distance to first nearest neighbor for spectrin clusters 
in orange region outlined in (D). The average distance to the nearest neighbor (NN=1) is ~59 nm 
(standard deviation ~26 nm), indicating the βII spectrin density of this region is quite high. (F) 
Histogram of average of the first two nearest neighbors (NN=2) for the same region in (D). The average 
is ~72 nm; standard deviation is 267 nm. The overall density of the region in (D) is 77 clusters per μm2. 

 
Cross-sectional analyses of both the immature MKs reveal high labeling of βII spectrin in the 
extra-nuclear space, both in monoploid and polyploid cells (Figures 62B and 63B). 
Furthermore, Figure 64B demonstrates that the βI spectrin isoform similarly does not 
localize entirely to the plasma membrane in polyploid MKs. These observations may well be 
related to the presence of the IMS (located within the MK cytoplasmic space), which is 
believed to serve as a membrane reservoir for the formation of future proplatelets and is 
continuous with the plasma membrane419,422,430.  
 
In addition to these intracellular structures, it is worth further expounding upon the βI 
spectrin ultrastructure in MKs. βI spectrin was shown to have significantly lower density in 
immature MKs compared to βII spectrin (Figure 64). Figure 64E,F indicates that this isoform 
has an inconsistent interparticle spacing, as evinced by the almost uniform distributions in 
intercluster spacing. It is furthermore very likely that most βI spectrin molecules are not 
mutually linked together, due to the fact that both the average of the nearest neighbors and 
of the first two nearest neighbors was determined to be >200 μm, the known maximum 
length of a stretched spectrin tetramer431. 
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Figure 63.  Analysis intra- and extra-nuclear regions of an immature, polyploid MK labeled for βII 
spectrin (C-terminus). (A) 3D-STORM image of a large MK in the midst of endomitosis. (B) xz cross-
section of purple region outlined in (A) showing high spectrin density outside the nucleus. (C) Zoom-in 
of yellow region outlined in (A), highlighting a densely labeled structure in one of the nuclei. (E,H) 
Magnification of the regions around the orange and red boxes in (A), respectively, and exclusive to the 
bottom half of the cell. (F,G) Histograms of distance to first nearest neighbor (F) and average of 
distances to first two nearest neighbors (G) for βII spectrin clusters in orange region in (E). The average 
of (F) is ~57 nm; standard deviation: ~23 nm. The average of (G) is 68 nm and standard deviation is ~24 
nm. The overall density is 92 clusters per μm2. (I,J) Histograms of distance to first nearest neighbor (I) 
and average of distances to first two nearest neighbors (J) for βII spectrin clusters in red region in (H). 
The mean of (I) is ~75 nm and the standard deviation ~39 nm. The mean of (J) is ~95 nm; standard 
deviation is ~40 nm. The overall density is 41 clusters per μm2. Scale bars: 2 μm. Axial (color) scale is as 
in Figure 33A. 

 
Intriguingly, a number of seemingly independent structures with exceptionally high βII 
spectrin density were commonly observed, both within and outside of cell nuclei (e.g., 
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Figures 62C and 63C). We speculate that these may be nascent proplatelets further along in 
development. The inset in Figure 62C, for example, also confirms that these intracellular 
structures are hollow. As to whether or not they are connected to the IMS is not certain, but 
we find it suggestive that they at least appear independent from other intracellular features.  
 

 
Figure 64.   βI Spectrin (C-terminus)in a polyploid MK. (A) 3D-STORM image of βI spectrin in a polyploid 
MK. (B) xz cross-section of the purple region outlined in (A). βI Spectrin localizes both to the plasma 
membrane and to the cytosol. (C) Zoom-in of the yellow region outlined in (A). (D) Bottom half of the 
region in (C). (E) First nearest neighbor analysis of βI spectrin clusters in (D). (E,F) Histograms of 
distance to first nearest neighbor (E) and average of distances to first two nearest neighbors (F) for βI 
spectrin clusters in (D). (E) Mean: 212 nm; standard deviation: 174 nm. (F) Mean: 281 nm; standard 
deviation: ~180 nm. Overall density is ~4 clusters per μm2. Scale bars: 2 μm. Axial (color) scale is as in 
Figure 33A. 

 
Altogether, these data indicate that the IMS likely begins developing well before endomitosis. 
The observation of significant non-membrane-bound βI and βII spectrin and the 
preponderance of intracellular structures densely labeled for βII spectrin in both monoploid 
and polyploid MKs indicate that proplatelet biogenesis begins even before the genetic 
machinery has been built. 
 

9.2.2  Mature MKs present with a locally periodic βII spectrin/adducin cytoskeleton 
in their proplatelets 
 
Subsequent to endomitosis, MKs remodel their cytoplasm first into proplatelets and then 
into smaller preplatelets (Figure 61C,D). Proplatelets are long, pseudopodial extensions 
produced by MKs that transverse through the bone marrow sinusoids into the blood432. 
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Morphologically, these processes appear similar to neural axons and dendrites, albeit with 
bulbous ends and nodules (e.g., Figure 65).  
 

 
Figure 65.  Proplatelet formation in mature MKs. (A) A βII spectrin-labeled MK as the cytoplasm is 
unraveling and proplatelets are beginning to extend. (B) Zoom-in of upper right corner of (A). (C) 
Another βII spectrin-labeled MK, with extended proplatelets. (D) Zoom-in of lower right corner of (C). 
Scale bars: 2 μm. Axial (color) scale is as in Figure 33A. 

 
Proper assembly of the spectrin-based membrane skeleton in MKs is required for 
appropriate proplatelet formation422. We have found that βII spectrin is the predominant 
spectrin isoform in proplatelets, comparable to immature MKs (Figures 65 and 66A). Still, βI 
spectrin is also expressed at appreciable levels (Figure 66G), as previously established422. 
 
Unexpectedly, mature MKs were found to have areas of locally periodic βII spectrin and 
adducin running longitudinally along the proplatelet axis (Figure 66A-F). The spacing is 
consistent with that reported in neurons, ~180 nm, although with lower orderliness; peak 
heights in the autocorrelation analyses (Figure 66C,F) are less pronounced compared to 
those seen in mature neural axons (e.g., Figure 45F,I). Though initially surprising, the 
presence of these pseudo-periodic structures in proplatelets is consonant with the current 
hypotheses regarding the origins and functional implications of periodic spectrin: previous 
studies have suggested that expanded membranes can compel spectrin to stretch to its full 
length of ~180-200 nm and self-assemble into highly ordered lattices418. Conceivably, as the 
MK proplatelets continue to rapidly lengthen to produce their large obligation of platelets, 
the membrane is distended along one dimension. This may occur to such an extent that the 
corresponding spectrin-based cytoskeleton is stretched, leading to the short-range 
periodicity observed. In contrast, βI spectrin was also imaged in proplatelets and was not 
found to be regularly spaced (Figure 66G-I). This finding may, however, simply be due to the 
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previously mentioned paucity of βI spectrin labeling, if indeed the βI spectrin is integrated 
within the periodic βII spectrin framework. 
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Figure 66.  Ultrastructure of the spectrin-based membrane cytoskeleton in MK proplatelets. (A) βII 
Spectrin-labeled proplatelets. (B) Zoom-in of region outlined in (A). (C) 1D autocorrelation analysis of 
(B) showing characteristic peaks at 180, 370, 520, and 670 nm. (D) Adducin-labeled proplatelets. (E) 
Magnification of region outlined in (D). (F) Autocorrelation graph of (E) with smaller, but still visible 
local maxima at 170, 340, and 510 nm. (G) Finally, βI spectrin-labeled proplatelets. (H) Zoom-in of area 
outlined in (G). (I) Autocorrelation of (H), which entirely lacks peaks in the ~170-200 nm range typical 
of αI-βI spectrin heterotetramers416. Scale bars: 2 μm. Axial (color) scale is as in Figure 33A. 
 

9.2.3  The platelet spectrin/adducin cytoskeleton is aperiodic 
 
The final step in the transformation of MKs is the fission of preplatelets into platelets (Figure 
61E). As with all previous stages, spectrin is a critical component of proper platelet form and 
function. For example, application of a spectrin-disrupting polypeptide rapidly destabilizes 
proplatelets, causing blebbing and swelling, such that platelets cannot form422. Moreover, 
platelets, like erythrocytes, must withstand high shear forces during circulation. Maintaining 
their geometry while still remaining flexible is vital, because their small size causes them to 
be propelled by blood flow to the endothelial surface, where they are positioned to readily 
sense and respond to vascular damage433-435. 
 

 
Figure 67.  3D-STORM of the spectrin/adducin cytoskeleton in activated platelets. (A,D,G) Activated 
platelets labeled for βII spectrin (C-terminus), α adducin, and βI spectrin (C-terminus), respectively. 
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(B,E,H) Histograms of distance to first nearest neighbor for (A,D,G), respectively. (C,F,I) Histograms of 
average of distances to first two nearest neighbors for (A,D,G), respectively. (B) Mean: 66 nm; standard 
deviation: 48 nm. (C) Mean: 87 nm; standard deviation: 52 nm. (E) Mean: 111 nm; standard deviation: 
81 nm. (F) Mean: 147 nm; standard deviation: 83 nm. (H) Mean: 136 nm; standard deviation: 73 nm. (I) 
Mean: 171 nm; standard deviation: 74 nm. Overall densities of (A,D,G) are ~31, 13, and 13 clusters per 
μm2, respectively. Scale bars: 2 μm. Axial (color) scale is as in Figure 33A. 

 
We have found that both βI and βII spectrin antibodies label mature platelets, consistent 
with previous reports422. As with immature MKs and proplatelets, we confirm that βI 
spectrin is significantly lower in density than βII (Figure 67A-C vs. 66G-I), also in line with 
the work of others422. In addition, the membrane-associated cytoskeleton of platelets is 
unordered; i.e., the spacing between neighboring spectrin (βI or βII) or adducin molecules is 
generally irregular (Figure 67), which contrasts with studies from our group showing more 
consistent spacing between neighboring clusters of spectrin and adducin in erythrocytes 
(data not shown). Most interestingly, two-color imaging of βI and βII spectrin revealed a 
large degree of colocalization between the two isoforms (Figure 68). Overlapping clusters of 
magenta and green, rendered as white spots in Figure 68A,C,E, are clearly visible in three 
representative images of activated platelets. These observations were confirmed as 
statistically significant through 2D pairwise cross-correlation analyses of the two color 
channels (Figure 68B,D,F, respectively). All cells tested display zeniths at ~0 nm, indicating 
a high degree of colocalization between the βI and the βII spectrin channels. This result is 
provocative: when associated into tetramers, the two β chains connect at their C-termini 
(Figure 60). The antibodies used to label both isoforms target the C-terminal region of the β 
spectrins. Thus, overlap of βI and βII antibodies suggests that βI and βII spectrin may exist 
within the same single tetramer. While there is in vitro data that αI-βII or αII-βI heterodimers 
have the ability to form423, no comparable in vivo evidence has yet emerged. These SRM 
results offer the first suggestion of mixed spectrin dimers/tetramers, which may have a 
number of biologically relevant implications based on spectrin’s variegated functions.   
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Figure 68.  Two-color STORM images of βI spectrin (C-terminus) (green) and βII spectrin (C-terminus) 
(magenta) cytoskeleton in activated platelets. (A,C,E) Representative images of dual-labeled platelets. 
(B,D,F) Corresponding cross-correlation functions for (A,C,E), respectively, showing high correlation at 
0 nm inter-particle distance, implying some degree of colocalization between the two spectrin isoforms. 
Yellow arrows in (A) indicate a few examples of overlapping clusters, which render as white in the 
images. Scale bars: 1 μm. 

 
In addition to the punctate spectrin/adducin cytoskeleton, we also examined the filamentous 
actin and microtubule ultrastructure of activated platelets. Although less is known about 
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how the spectrin/actin complex forms and connects to the plasma membrane in platelets as 
compared to erythrocytes, certain discrepancies between the two membrane skeletons have 
been discovered. First, spectrin strands comprising the platelet membrane skeleton 
interconnect on the ends of long actin filaments originating from the cytoplasm instead of 
short actin oligomers433,436,437. Therefore, the platelet spectrin lattice and its associated actin 
filaments assemble into a continuous cytoskeletal matrix. Figure 69A,B confirms that indeed, 
actin presents as dense actin bundles in pseudopodia that form in activated platelets to 
facilitate wound healing. On the other hand, if short actin oligomers were present in platelets 
as they are in red blood cells, they likely would not be distinguishable above these dense 
actin fibers (similar to the 1D periodic strings in Chapter 7; see Figure 49).  
 
The tubulin cytoskeleton, meanwhile, plays a key role in maintaining the characteristic 
discoid shape of quiescent platelets; upon activation, however, platelets undergo a rapid 
depolymerization of microtubules438 and a correspondingly dramatic change in shape. Our 
SRM analysis of the platelet tubulin cytoskeleton confirms that the tubulin structures 
collapsed upon platelet activation (Figure 69C,D). The majority of labeling appears as 
monomeric tubulin units or very short oligomers, with only a few, sparse filaments visible. 
 

 
Figure 69.  Filamentous cytoskeletal structure in activated platelets. (A,B) Actin and (C,D) α tubulin in 
activated human platelets. Thick F-actin bundles are visible, but thinner filaments are either not present 
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or have degraded. Microtubules, meanwhile, appear absent or highly degraded. Scale bars: 2 μm. Axial 
(color) scale is as in Figure 33A. 

 

9.2.4  Spectrin-associated proteins are also disordered in platelets 
 
Lastly, we examined the nanoscale spatial locations of various proteins known to interact 
with spectrin in fully-formed platelets as the last stage of the transformation of MKs. In 
addition to the extensively discussed actin/spectrin/adducin protein complex, several 
accessory proteins are found at these junctions that are involved in linking the cytoskeleton 
to the plasma membrane, including protein 4.1, tropomyosin, and a tropomyosin-binding 
protein called tropomodulin439. Protein 4.1 is necessary for membrane stability and full 
expression of spectrin and ankyrin in erythrocytes, but, rather oddly, the same does not 
appear true of platelets440, although this topic has not been well-studied. This curiosity may 
be explained by the presence of significant βII spectrin in platelets, which (it is believed) 
creates a much more rigid membrane than that of βII spectrin-null erythrocytes424, and thus 
makes protein 4.1 less vital for membrane stiffness. Still, some evidence suggests that 4.1 
may be helpful for irreversible platelet aggregation, which is plausible due to the fact that 
4.1 has been demonstrated to associate with the platelet cytoskeleton after activation with 
thrombin440. Tropomodulin, meanwhile, plays key roles in stabilizing F-actin networks by 
binding tropomyosins and capping the pointed ends of tropomyosin-associated F-actin441. 
This protein, like so many others, has not been as extensively investigated in platelets as 
compared to red blood cells; that said, platelets in tropomodulin-null mice have been shown 
to have abnormal actin structures and numbers of granules, suggesting it is required for 
proper platelet function441. 
 
We determined that 4.1 is rather more ordered in activated platelets than all other 
cytoskeletal proteins tested. Figure 70A-C shows a prototypical platelet labeled for protein 
4.1. Cluster analysis of the two nearest neighbors (Figure 70C) suggests a fairly Gaussian 
distribution of inter-protein spacing, with mean at ~113 nm and standard deviation of ~43 
nm. This is consistent with the spacing typically seen in red blood cells, based on previous 
work from our group (data not shown). Tropomodulin was found to be overall denser in 
platelets than 4.1, but the distribution of nearest-two-neighbor-spacing was less Gaussian 
and thus more irregular (Figure 70D-F).  
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Figure 70.  3D-STORM images and cluster analyses of two spectrin-associated proteins in activated 
platelets. (A) STORM image of a cordiform platelet labeled for protein 4.1. (B,C) Histograms of distance 
to first nearest neighbor (B) and average of distances to first two nearest neighbors (C) for protein 4.1 
clusters in red region in (A). The average of (B) is ~92 nm and the standard deviation is 43 nm. The mean 
of (C) is 113 nm; the standard deviation is 43 nm. (D) STORM image of tropomodulin. (E,F) Histograms 
of distance to first nearest neighbor (E) and average of distances to first two nearest neighbors (F) for 
tropomodulin clusters in orange region in (D). The mean of (E) is 65 nm; the standard deviation is 40 
nm. The mean of (F) is 84 nm and the standard deviation is 44 nm. Scale bars: 2 μm. Axial (color) scale 
is as in Figure 33A. 

 

9.3  Discussion 
 
While the cytoskeletal ultrastructure of platelets and their progenitors has been well-studied 
using various microscopic and biochemical methods by other groups, to date there has been 
very little investigation of their forms using SRM, a technique ideally suited for such analysis. 
Here, we have imaged the βI spectrin/βII spectrin/adducin network from immature MKs to 
activated platelets, along with additional relevant proteins in mature platelets.  
 
We have shown that, in round structures such as immature MKs and platelets, both spectrin 
and adducin are aperiodic and disordered. This is likely due to the previously described 
linkage of spectrin to the irregular internal cytoskeleton rather than connection between 
short, cortical actin oligomers433,436,437, the latter of which would presumably facilitate more 
regular spacing akin to observations in erythrocytes. Fascinatingly, however, locally 
periodic, 1D βII spectrin/adducin structures were observed in the thin proplatelet processes 
extending or released from mature MKs. These forms are analogous to but less ordered than 
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the periodic rings in mature neurites and glial processes. We speculate that this periodicity 
in proplatelets is due to either (1) the need for stability of the process over long distances, 
as postulated by Xu et al.57, or (2) the seemingly inherent tendency of spectrin to self-
organize into tessellating patterns when its associated lipid membrane is sufficiently 
stretched417,418,442. 
 
As the inter-protein spacing is inconsistent in immature MKs and platelets, so the densities 
of these proteins across their different stages of life also varies. Immature MKs, both pre- and 
peri-endomitosis, have extremely high levels of βII spectrin, likely due to immunolabeling of 
the IMS, which surprisingly, seems to form before nuclear division. At the proplatelet stage, 
however, βII spectrin and α adducin densities are reduced, and become comparable to those 
seen in neural processes. Finally, by the terminal (activated) platelet stage, both proteins 
become even more sparsely expressed, the reason for this being still obscure. Throughout 
this life cycle, βI spectrin maintains expression and is a part of the IMS and the cortical cell 
membrane; however, its density is markedly lower than the βII analogue.  
 
Overall, the exact nature of the relationship between βI and βII spectrin in these cells is now 
better understood based on this work, but still not yet fully resolved. The two isoforms 
appear to be randomly and homogeneously distributed within MKs, proplatelets, and 
platelets; they do not segregate into spatially distinct domains or compartments in any cell 
tested. This result contrasts with some evidence suggesting compartmental separation of 
(αI-βI)2 and (αII-βII)2 spectrin tetramers in neurons443, the only other cell type known to 
express all four isoforms. In addition, it is highly likely that tetramers of (αI-βI)2 spectrin and 
(αII-βII)2 spectrin are distributed relatively uniformly at the plasma membrane in MKs and 
their progeny. However, we here present evidence that (αII-βII)(αI-βI) mixed tetramers may 
be forming in mature platelets, based on our two-color SRM images showing significant 
colocalization of the two β isoforms. While there is in vitro data showing that such 
heterotetramers can form423, this is, to our knowledge, the first tentative evidence that such 
mixed tetramers are forming and intercalating into the cortical cytoskeleton of cells. A third 
scenario is that mixed dimers are coalescing: (αI-βII)(αII-βI), which would also explain the 
colocalization results. To date, we are unaware of any in vitro or in vivo evidence that 
supports this possibility. Whether or not such amalgamated dimers or tetramers are actually 
present in vivo, we speculate that, in MKs and their progeny, βI spectrin is expressed at lower 
levels and incorporated into the denser βII spectrin-based membrane to impart a greater 
degree of membrane elasticity. We also note that spectrins have myriad functions in the cell 
beyond their well-documented role in membrane plasticity/rigidity444, such as controlling 
transmembrane protein diffusion and signal transduction444,445, so it may be that the mix of 
the two spectrin isoforms serves other purposes. In addition to βI and βII spectrin examined 
in this work, three other β spectrin variants (βIII, βIV, and βV) have been identified in mice 
and humans. Whether these isoforms are expressed in MKs and their descendants, as well as 
their roles in these cells remain to be explored. 
 
To conclude, we have revealed details of the nanoscale spectrin structure for platelets and 
their progenitors. At the same time, new questions have been raised about the exact nature 
of the βI-βII spectrin interaction, and about the functional effect of expressing two distinct β 
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isoforms. Furthermore, the relationship of spectrin structure in diseased versus healthy 
platelets is a fertile topic for continued inquiry. In mouse models of spectrin deficiencies, for 
example, spectrin mutations that may be tied to abnormal platelet function also exist, 
including stroke and thrombus formation446,447. We are sanguine that careful examination of 
these effects may lead to further insights into spectrin function in MKs and platelets. 
 

9.4  Methods  
 
In vitro culture of MKs:  All MK and proplatelet cell culture and fixation was performed by Dr. 
Italiano. Murine MKs were harvested from the fetal livers of mouse embryos at gestational 
day 13.5 and cultured in the presence of thrombopoietin, as described previously448,449.  
 
Platelet isolation and plating:  Fresh, whole venous blood from healthy, drug-free volunteers 
was collected in 3.2% (w/v) buffered sodium citrate and sealed in a vacutainer tube. This 
blood was purchased from Research Blood Components, LLC. The blood was transported 
and stored at 4 °C, a temperature which is known to activate platelets450. Activation was later 
confirmed by STORM images of actin showing pseudopodia and microtubules showing 
degradation (Figure 69), all ultrastructural characteristics of activated (but not inactivated) 
platelets. Platelet-rich plasma was isolated from the chilled blood according to previously 
described methods451. The platelet suspension was allowed to settle for 30 minutes prior to 
fixation on poly D-lysine-coated coverglass (Neuvitro, GG-12-1.5-PDL) or on coverglass 
previously coated with 10 μg/mL poly-L-ornithine hydrobromide (Sigma, St. Louis, MO) in 
tissue culture water, followed by 5 μg/mL natural mouse laminin (Invitrogen) in PBS, 
according to the substrate coating protocol in ref. 452. 
 
Fixation and immunofluorescence labeling:  For experiments aimed at visualizing the actin 
and microtubule cytoskeleton, cells were fixed according to previous methods (see Chapter 
3.4). For immunofluorescence labeling, cells were first blocked with a solution of 3% bovine 
serum albumin and 0.2% Triton X-100 in PBS, and then stained with corresponding primary 
and secondary antibodies. Primary antibodies used were mouse IgG1 anti-βII spectrin (BD 
612562; 1:50), mouse IgG2b anti-βI spectrin (NeuroMab 73-374; 1:4), rabbit anti-α adducin 
(Abcam ab51130; 1:200), rabbit anti-EPB41 (i.e., protein 4.1) (Sigma HPA028414; 1:60), 
mouse anti-tropomodulin (OriGene TA503146; 1:100), and mouse anti-α tubulin (Abcam 
ab7291; 1:500). For single-color STORM, AF647-conjugated secondary antibodies (at 5 
µg/mL) were used. For two-color STORM, split-plane, ratiometric imaging76,77,157 was used 
to separate color channels. These samples were labeled with AF647-conjugated and CF680-
conjugated secondary antibodies (at 5 µg/mL). In the case of two-color STORM of βI and βII 
spectrins, mouse IgG isotype-specific secondary antibodies were employed. For fluorescent 
labeling of actin filaments, samples were incubated55 with AF647-conjugated phalloidin 
(Invitrogen A22287; 1:30) at a concentration of ~0.4 µM. 
 
STORM imaging:  3D-STORM imaging and epifluorescence imaging were performed as 
described in Chapter 6.4. 
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Data analysis: 3D-STORM raw data were processed according to previously described 
methods37,54. Autocorrelation analyses were performed as described in Chapter 6.4. Nearest 
neighbor analyses: clusters of single molecule localizations were determined and localized. 
For first nearest neighbors, the distances between each cluster and its closest neighbor were 
calculated, and these values pooled into histograms. For first two nearest neighbors, the 
distances between each cluster and its nearest two clusters were calculated and averaged; 
these averages were then pooled into histograms. Two-dimensional cross-correlation 
analysis453,454 was performed by calculating the pairwise intermolecular distances between 
single molecules identified in the two color channels. A histogram was generated for the 
counts of molecule pairs that fell into different ranges of distances. This histogram was then 
normalized by histograms generated from multiple sets of molecules randomly distributed 
in the same area. The resultant normalized cross-correlation values are thus expected to 
show, in the limit of zero intermolecular distance, a value of <1 and >1 for excluding and co-
localizing patterns in the two channels, respectively. 
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Conclusion:  The Final Problem 
 
Overall, the work discussed in this dissertation highlights the versatility of SRM and 
correlative SRM as robust, facile, and information-rich tools to probe biological, chemical, 
and materials systems. My collaborators and I survey the field of correlative super-
resolution methods to date and develop two novel such methods of our own: (1) graphene-
enabled correlative SRM-SEM and (2) correlative single-molecule localization microscopy-
single molecule spectroscopy (SR-STORM). We then apply SRM and other imaging modalities 
to characterize synthesized graphenic materials in a high-throughput and convenient 
fashion. We also apply STORM as a particularly high-resolution SRM method to map 
nanoscale features in a number of cellular specimens. We describe our discovery of a novel 
2D periodic cytoskeleton in adult hippocampal neural stem cells (AHNSCs), along with quasi-
1D and 2D periodicity in AHNSC-derived neurons and glial cells. In a similar vein, we detail 
another new 1D periodic cytoskeletal line structure in developing neurons of the midbrain, 
suggesting this highly ordered motif is widespread but has additional, still obscure functions 
related to the exact nature of the periodicity. We next elucidate how STORM can be used to 
quantitatively assess metabolic defects arising in Huntington’s Disease model cells, and 
combine these results with other biochemical data to develop a two-stage model for region-
specific toxicity in the brain of HD patients. Finally, we use STORM to describe the disordered 
membrane cytoskeleton in platelets and their progenitor cells, megakaryocytes. We also 
discover locally periodic regions in the 1D processes of the megakaryocyte proplatelets, an 
intriguing result that naturally begs comparison to our other results in neurons. 
 
SRM has ushered in a new era for the study of structures and processes at the nanoscale, 
particularly in the realm of biology. As we and others have shown, researchers in the field 
are already revealing entirely new levels of understanding about the inner workings of life. 
Our own results specifically emphasize the sizeable amount of investigation that still must 
be conducted in order to solidify our understanding of the structure-function relationship in 
cells of the brain and blood, in the context of both health and disease. Furthermore, this work 
suggests that there are enormous opportunities still available to continue to evolve 
correlative imaging for a more integrative picture of nanoscopic systems of interest.  
  
It is my genuine hope that this work meaningfully contributes to humanity’s shared body of 
knowledge and may, in some small way, add to the progress and prosperity of all life on 
Earth. While it is certainly true that “life is infinitely stranger than anything which the mind of 
man could invent,”61 SRM can, at the very least, shed a bit of light onto this beautiful 
strangeness. 
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