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INTRODUCTION

The phenomenon of protein misfolding and aggregation 

is one of the most important topics in current biomedical 

research [1]. The failure of proteins to fold correctly, or 

to remain correctly folded, lies at the center of a growing 

number of increasingly prevalent pathologic conditions, 

referred to collectively as misfolding disorders, that range 

from Parkinson’s and Alzheimer’s diseases to type II diabe-

tes, and cystic fibrosis [1]. One of the most common patho-

genic consequences of protein misfolding is the formation 

of aggregates that result in the deposition of the protein 

concerned as amyloid fibrils and plaques [2]. These species 

are associated with the prevalent forms of neurodegenera-

tive disorders, particularly those associated with aging, and 

therefore an understanding of their formation and behavior 

in situ in biologic systems is of paramount importance [1,3]. 

Another key requirement in developing such an understand-

ing lies in an ability to observe directly the nature and kinet-

ics of the aggregation process in vivo. These objectives have, 

however, proved to be extremely challenging to achieve and 

indeed the physiologic roles of the variety of misfolded spe-

cies formed during the process of aggregation in biologic 

systems are not yet understood in any detail [4]. Traditional 
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imaging techniques, such as transmission electron micros-

copy (TEM) and atomic force microscopy (AFM), are 

powerful methods [1], but require elaborate sample prepa-

ration protocols, are difficult to be applied dynamically over 

extended periods of time, and their invasive nature makes 

them unsuitable for observations within living organisms. 

Optical techniques do not suffer from such limitations and 

permit the non-invasive visualization of amyloidogenis in 

situ, and even in vivo [5–10].

In this chapter we focus on two powerful new meth-

ods to quantify protein aggregation reactions in biologic 

systems. We show how changes in parameters such as the 

polarization state of reporter molecules and fluorescence 

lifetime offer sensitive information on the amyloid aggrega-

tion state in techniques we collectively refer to as multipa-

rameter microscopy [11–13], reviewed below. We show that 

these techniques are powerful – particularly for applications 

in live-cell and organism models of aggregation diseases. 

The second technique, direct stochastic optical reconstruc-

tion microscopy, dSTORM, offers direct information on the 

shape and size of protein fibrils in situ in cells, at a resolu-

tion approaching that of electron microscopy techniques. 

It is reviewed later in this chapter in a section headed 

Super-resolution imaging of amyloid aggregation; this 

begins with an outline of the method in theory and practice 

before examples are given of its application in the study of 

amyloidogenesis.

MULTI-PARAMETER MICROSCOPY  
OF PROTEIN AGGREGATION KINETICS

Fusion Protein Labeling of Amyloidogenic 
Proteins

For microscopy in live cells or organisms, fluorescent 

 proteins (FP) are indispensable. Various FP model systems 

for protein aggregation have been developed, including the 

nematode worm Caenorhabditis elegans (C. elegans), the 

fruit fly Drosophila melanogaster, and even mice. FP tag-

ging has been used in animal models to study the  misfolding 

and accumulation of α-synuclein (AS) [14–17], a protein 

involved in Parkinson’s disease, and other proteins associ-

ated with various misfolding diseases [18–22].

The conjugation of relatively bulky FPs (∼28 kDa) to 

amyloid proteins may, however, perturb the native structure 

of the latter and interfere with folding and aggregation prop-

erties. In the case of small, structurally unfolded  proteins 

such as, e.g. AS (∼14 kDa), this appears to be of particu-

lar concern. Not surprisingly, some controversy has arisen 

regarding studies of AS misfolding and aggregation with 

FPs in vivo, and rigorous validation of such model systems 

by biophysical techniques is essential. In Van Ham et al 

[23] we presented a detailed biophysical characterization 

of the properties of AS tagged on its C-terminal with the 

yellow fluorescent protein (YFP) variant Venus. The result-

ing fusion protein, AS-YFP, was appraised for its merit as a 

reporter of AS misfolding and aggregation.

The construct was produced by fusing Venus to the 

C-terminus of AS, separated by a short linker peptide 

designed to minimize steric interference effects on folding 

of the polypeptide chain [21]. We compared the aggrega-

tion behavior of AS-YFP with that of wild-type AS in vitro 

and both moieties exhibited increasing ThT fluorescence in 

time and displayed similar kinetics of amyloid formation 

(Fig. 10.1A).

The structure of the amyloid deposits of AS-YFP were 

further analyzed by TEM. Both width and length of indi-

vidual fibrils showed no significant differences between 

wild-type AS and AS-YFP (Fig. 10.1B). Furthermore, we 

performed NMR studies and a comparison of the normal-

ized intensities of 1H–15N cross peaks to assess structural 

difference in the obtained aggregates. The method is sensi-

tive to conformational dynamics of AS and interactions with 

the solvent [24–26] and revealed that YFP-mediated pertur-

bations were subtle and confined to the C-terminal region of 

the protein, around residues 120 to 140 (Fig. 10.1C). Hence, 

we conclude that structural and dynamical perturbations are 

minor to the overall folding characteristics of the peptide 

chain and restricted to the local region to which the YFP has 

been attached.

FIGURE 10.1 Both wt α-synuclein (AS) and AS-YFP form amyloid structures as shown in vitro. (A) Normalized ThT fluorescence of wt AS (open 

diamonds) and of AS-YFP (filled circles). (B) High magnification TEM images of wt AS and AS-YFP fibrils displaying similar morphologies. (C) 

Normalized 1H-15N HSQC peak intensities for wt AS (blue) and AS-YFP (red). Peak intensities only differ between residues 120 and 140. With permis-

sion from reference 23.
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Principle of Multi-Parameter Imaging 
Techniques

Figure 10.2 shows the principle of multi-parameter imaging 

methods [11,12,27,28] for investigating protein aggregation. 

Because the spectral properties of reporter fluorophores are 

affected by changes in their local environment, increasing 

degrees of oligomerization lead to changes in spectrum, 

lifetime and polarization state of the fluorophore, which are 

mediated by a variety of biophysical interactions.  Examples 

are non-resonant energy transfer between the reporter  

fluorophores (homoFRET), leading to changes in the polar-

ization state of the emitted light; fluorescence quenching, 

reflecting changes in the environment in which the fluoro-

phore is embedded, leading to changes in the fluorescence 

lifetime; etc. We review homoFRET and lifetime changes in 

more detail in the following sections as they are particularly 

powerful methods for probing the amyloid aggregation state 

in biologic systems.

Fluorescence Anisotropy Imaging

Principle of HomoFRET in the Study of Protein 
Self-Assembly Reactions

Förster resonance energy transfer (FRET) is an electrostatic 

dipole–dipole interaction between molecules in close prox-

imity in which energy from an initially excited donor mole-

cule is transferred, non-radiatively, to an acceptor molecule 

[29–31]. In so-called heteroFRET this process takes place 

between spectrally distinct donors and acceptors. FRET 

between like molecules, termed homoFRET, is also pos-

sible and occurs for fluorophores exhibiting small Stokes 

shifts, such that their excitation spectrum partially overlaps 

with their own emission spectrum (see Fig. 10.3). On aggre-

gation, the proximity between fluorophores decreases, and 

the level of homoFRET increases providing a readout for 

the aggregation state. In contrast to heteroFRET, however, 

homoFRET cannot be quantified via intensity, spectral or 

lifetime changes because donor and acceptor molecules are 

of the same moiety and hence spectroscopically indistin-

guishable [32]. HomoFRET can, however, be detected via 

changes in the polarization state of the emitted fluores-

cence, as argued in the following. Upon aggregation, the 

average distance between fluorphores decreases and homo-

FRET becomes appreciable at inter-fluorophore distances 

below the Förster radius R0, which is of the order of 3–5 nm  

for typical FPs. Because the molecules participating in 

homoFRET have a distribution of dipole orientations, fluo-

rescence emitted from sensitized acceptor molecules will 

be more depolarized than their non-sensitized counterparts. 

This presents an opportunity for cluster size quantifica-

tion through a measurement of the degree of fluorescence 

anisotropy loss (degree of polarization loss), when polar-

ized input light is incident on the sample: aggregation 

increases homoFRET, and, hence, leads to a significant loss 

in polarization anisotropy. The maximum amount of homo-

FRET depolarization for a defined cluster occurs when the 

energy transfer has reached equilibrium, that is, a point 

where all molecules in the cluster have an equal probability 

of emitting a photon, indicative of numerous electrostatic 

interactions between the participating molecules. Thus, 

the larger the number of molecules in a cluster, the lower 

the anisotropy of the overall fluorescence becomes due to 

increasing contributions from sensitized acceptor emission. 

This is illustrated in Figure 10.3C. Note that, in addition to 

sensitized emission via homoFRET, rotational diffusion of 

fluorophores can also lead to fluorescence depolarization, 

but for typical rotational correlation times of bulky fusion 

proteins in aqueous environments (Φ∼20 ns) this contribu-

tion is negligible compared to homoFRET. It must be stated 

FIGURE 10.2 Principle of multiparametric fluorescence imaging of protein aggregation kinetics. Labeled monomers aggregate into fibrillar structures, 

bringing fluorophores within interaction distances, and leading to polarization losses (via homoFRET). Furthermore, the changing molecular environment 

upon amyloidogenesis leads to structure-specific lifetime changes in the aggregating species.
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that relative anisotropy changes become smaller as cluster 

size increases, making the technique more useful for quan-

tifying smaller clusters, i.e. it is most sensitive for probing 

the onset of aggregation [32].

HomoFRET Imaging for the Study  
of α-synuclein Aggregation

HomoFRET anisotropy imaging was used for studying 

amyloid aggregates of AS in vitro as a model of Parkin-

son’s disease (Fig. 10.4) [23]. The example shows that, upon 

aggregation, the high anisotropy for soluble monomeric pro-

teins decreases due to homoFRET among the attached YFP-

labels. The anisotropy decreases monotonically as a function 

of aggregation time but the observed changes cannot be 

uniquely related to changes in oligomer size because they are 

not only a reflection of aggregate size but also of the relative 

fraction of monomeric versus aggregated species in the mea-

surement volume. The method has great potential to screen 

for anti-aggregating drugs and to test their efficacy. Because 

fusion proteins are used, the technique can furthermore be 

used in live cells. HomoFRET is a very sensitive method for 

detecting the onset of protein aggregation and is straight-

forward to use. In a wide-field-imaging set-up [33,34] the 

technique permits drug screens to be parallelized efficiently 

both in vitro and in live-cell models of aggregation. However, 

a drawback is the limited sensitivity of the technique with 

growing cluster size,  limiting its dynamic range. For cluster 

sizes >5 the fluorescence emission becomes essentially fully 

depolarized and no further changes are therefore expected on 

continued aggregation.

Fluorescence Lifetime Imaging of Protein 
Aggregation

The Fluorescence Lifetime of Peptide Labels 
Reports on Amyloid Aggregation

During our studies on homoFRET of aggregating proteins we 

noticed that increasing aggregation of AS-YFP was accom-

panied by large reductions in the YFP fluorescence lifetime, 

which correlated with increasing degrees of aggregation. 

This finding was unexpected because the homoFRET process 

does not lead to lifetime changes in participating fluorphores 

(see earlier discussion). This finding led to our discovery that 

amyloidogenesis is accompanied by the emergence of intrin-

sic energy states in growing amyloid fibrils (see Chapter 

13 in this book). We associate this with extensive hydrogen 

bonding networks which develop in the emerging cross-β-

sheet scaffolds that run in regular patterns along the entire 

fibril axis. These energy states are also linked to an intrinsic 

fluorescence phenomenon occurring upon amyloid fibrillo-

genesis that has been observed by us [9,35,36] and also by 

other workers [37–39]. The intrinsic energy states are capable 

of absorbing energy in the visible range and thus offer excel-

lent potential for a novel sensor concept based on energy 

FIGURE 10.3 (A) HomoFRET sensor reports on aggregation but is independent of fluorescence lifetime changes. (B) Top image. HomoFRET results 

from overlap between the absorption (blue) and emission (green) spectra of a single type of fluorophores. Bottom image. When homoFRET occurs in 

dimers, the emitted fluorescence consists of direct donor emission and sensitized acceptor emission. The fluorescence is thus not completely depolarized. 

(C) Fluorophores excited by linearly polarized light emit depolarized fluorescence due to rotational diffusion and/or homoFRET. (i) A fluorophore with 

rotational correlation time θ shorter than its fluorescence lifetime τD emits fluorescence with polarization orientation unaligned with that of the excitation 

light. (ii, iii) HomoFRET between randomly-oriented fluorophores in clusters leads to depolarized emission – bigger clusters lead to more depolarized 

fluorescence emission. (iv) However, if molecular dipoles of the fluorophores in a cluster are aligned with each other, little depolarization will occur. 

HomoFRET occurs on a shorter timescale than rotational diffusion (t≈1/kET for FRET and θ for rotational diffusion), allowing experimental identification 

by time-resolved anisotropy measurements. With permission from reference 32.
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transfer from a fluorophore label to the emerging β-sheet 

scaffold of the amyloid protein. The interaction between the 

amyloid scaffold and the fluorophore is directly correlated 

with the extent of amyloid formation by the peptide chain, 

and can be conveniently quantified via changes in the fluo-

rescence lifetime of the extrinsic fluorophore label [9]. The 

lifetime of the attached fluorophore decreases in proportion 

to the degree of amyloid aggregation and is insensitive to 

fluorophore concentration and hence labeling stoichiometries 

(i.e. label-to-peptide ratios) much smaller than one suffice. 

This offers an exciting advantage compared to homoFRET, 

which requires very dense labeling of the amyloid struc-

ture. Sparse labeling is less likely to generate perturbations 

to the aggregation process, an issue that may bear particu-

lar relevance in the highly crowded molecular environments 

prevailing in vivo. We tested these attributes quantitatively 

using mixtures of fluorescently labeled and unlabeled mono-

mers of an aggregation-prone variant of human Tau protein 

(K18 Tau), a key species involved in Alzheimer’s disease. 

The labeled and unlabeled peptides were mixed at relative 

concentrations of 1:100, and 1:10, respectively (Fig. 10.5), 

concentrations too low for homoFRET to take place [23]. 

In the experiment, Alexa Fluor 488 maleimide was cova-

lently linked to the cysteine residue at position 260 of K18 

Tau to act as donor fluorophore in the sensor.  Figure 10.5B  

shows the resulting fluorescence lifetime images for a period 

FIGURE 10.4 FAIM images of YFP-labeled α-synuclein aggregates in vitro. HomoFRET among YFP-labels on aggregated recombinant AS leads to 

depolarized fluorescence. (A) Fluorescence intensity (top row) and anisotropy (bottom row) images of AS-YFP in soluble and aggregated form (columns 

2 and 3). Column 1 shows a control experiment for purified YFP in solution. (B) Spatially averaged anisotropy as a function of time for AS-YFP (shown in 

black) and β-synuclein-YFP (BS-YFP), a moiety which does not aggregate. For BS-YFP, no anisotropy changes are observed in time. Scale bars represent 

5 µm. With permission from reference 23.

FIGURE 10.5 (A) HeteroFRET sensor reports on aggregation with an improved dynamic range and requires low labeling densities. (B) Fluorescence 

lifetime images of 10 µM K18 Tau plus 2.5 µM heparin in 50 mM ammonium acetate at pH 7.4 and 37°C. Images correspond to K18 Tau labeled with 

Alexa-488 at C260 at 1% monomer labeling fraction (left column) and 10% monomer concentration (right column) respectively (C). On aggregation, 

Alexa-488 indicates a similar decrease in fluorescence lifetime for both samples to 3.5 ns from the initial lifetime of the monomers of 3.9 ns. The lifetime 

is thus not significantly dependent on the fluorophore labeling fraction (see histograms). It should be noted that concentrations of dyes are below what is 

required for homoFRET to occur, hence excluding fluorophore–fluorophore interactions for the lifetime effect. Scale bars represent 30 µm.
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of 4 hours of incubation, while Figure 10.5C shows cor-

responding plots of the fluorescence lifetimes of the Alexa 

Fluor 488 labels in the aggregates. Both label stoichiometries 

lead to near identical lifetime changes upon aggregation, ver-

ifying the concentration independence of the sensor concept.

In Vivo FLIM Imaging of Protein Aggregation

The power of the sensor concept was demonstrated in 

an aggregation model of AS-YFP in the nematode worm 

 Caenorhabditis elegans. Images of the whole anterior  

regions of intact C. elegans were taken at various time 

points during the lifespan of AS–YFP transgenic worms, 

and the average fluorescence lifetime determined in each 

case. Over a period of 15 days the fluorescence lifetime of 

AS–YFP decreases (by ∼130 ps) as aggregates appear in the 

animal (Fig. 10.6A, second image in panel, and Fig. 10.6B, 

black bars). The techniques permit for the first time the 

kinetic imaging of amyloid aggregation in a multicellular 

living organism. Importantly, no reductions in lifetime were 

FIGURE 10.6 TCSPC lifetime imaging distinguishes the nature and kinetics of the aggregation of amyloidogenic YFP fusion protein variants during 

ageing in a living animal. (A) Left. TCSPC image of YFP transgenic Caenorhabditis elegans at day 11. Center. TCSPC image of AS–YFP transgenic  

C. elegans at day 11. Right. TCSPC image of Q40-YFP transgenic C. elegans at day 11. Note how the fluorescent aggregates display a strong reduction 

in the fluorescence lifetime (red color) with time. (B) Mean fluorescence lifetimes of the whole anterior part of transgenic worms expressing YFP (white), 

AS–YFP (black), and Q40-YFP (gray) during aging of the animals, determined at various days during the assay (mean lifetime ±SEM, ANOVA with 

Scheffes’ post hoc test, p <0.05). (C) Ex situ studies of in vivo aggregated AS–YFP. Left. Anti-AS immunogold-labeled TEM image of cell extracts from 

aged AS–YFP transgenic C. elegans (day 15). Only pre-fibrillar aggregates of AS–YFP are observed in these samples. Right. TCSPC image correspond-

ing to the same sample as that shown on the right. (D) AS–YFP-dependent toxicity during aging in C. elegans. The plot shows the ratio (%) of number of 

bends/minute for the AS–YFP transgene versus the YFP only transgene. Because of the selective expression of the transgene in muscle cells, the toxicity 

phenotype is a perturbation of the motility of the worm and the toxicity readout is a reduction in the number of bends per minute. (E) Time-dependence of 

the decrease of fluorescence lifetime for AS–YFP in the three systems studied herein (in vitro, red; living SH-SY5Y cells, blue; living C. elegans, green). 

(F) Normalized kinetics of AS–YFP aggregation in vitro and in vivo determined by the decrease in fluorescence lifetime. The color code is the same as in 

(E). With permission from reference 9.
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observed for control animals containing a YFP only transgene, 

but which were devoid of protein aggregates (Fig. 10.6A,  

first image of panel, and Fig. 10.6B, white bars). We also 

performed control experiments using Q40-YFP, a  40-residue 

polyglutamine sequence (Q40) attached to YFP, C.elegans. 

The Q40-YFP construct showed a particularly large change 

in the mean fluorescence lifetime as a function of time, with 

the system displaying a shift of around 260 ps by the end of 

the assay (Fig. 10.6A, third image of panel, and Fig. 10.6B, 

grey bars), a result attributable to the much greater rate of 

aggregation of Q40 relative to AS in vitro. We further iso-

lated the aggregated AS–YFP species from the worms at 

different time points and subjected them to parallel TCSPC 

and immuno-TEM analysis. This analysis revealed the pres-

ence of AS immuno-positive, non-fibrillar aggregates with 

lifetimes of around 2700 ps (Fig. 10.6C). This value was close 

to that observed for pre-fibrillar species observed in vitro, 

indicating that the aggregates formed in the C. elegans muscle  

 tissue are less ordered species than more mature amyloid 

fibrils observed in vitro and in mammalian neurons. The 

power of the method thus lies in its capability to offer clues as 

to the nature of aggregate  species within an organism in addi-

tion to a simple verification of their presence. This has great 

promise to advance our understanding of disease: Because 

the worms are alive, the appearance of certain  amyloid spe-

cies can be directly correlated with toxic phenotypes: in the 

worms, the observed decreases in fluorescence lifetime cor-

relates strongly with a reduction in the number of body bends 

performed by the AS–YFP-expressing worms compared 

to control animals expressing YFP only (Fig. 10.6D). This 

phenotype (loss of body bends) is associated with cellular 

damage, and thus the study strongly supports the view that 

pre-fibrillar rather than mature fibril species are the most toxic 

species in AS-mediated neurodegenerative disorders.

The sensor concept is applicable in a large range of 

environments, e.g. under laboratory conditions, in cells in 

 culture, and in live animals (Fig. 10.6, E and F).

SUPER-RESOLUTION IMAGING  
OF AMYLOID AGGREGATION

Single-Molecule-Based Localization 
Microscopy for Direct Visualization  
of Amyloid Morphology

In order to monitor directly structural differences in amyloid 

aggregates at subcellular resolution, one requires refined 

methods that are applicable to in situ studies in  biological 

systems. Label-free imaging methods, such as positron-

emission tomography, optical coherence tomography, and 

magnetic resonance imaging, provide powerful methods for 

cellular imaging, but, unfortunately, do not permit the reso-

lution of subcellular structures. On the other hand, electron 

microscopy (EM) and atomic force microscopy (AFM) can 

be used in tissue or in vitro but they are not easily compatible 

with whole-cell imaging. Light microscopy does not suffer 

that latter disadvantage but it does not traditionally offer a 

spatial resolution that is good enough to offer molecular-

level structural details. However, fluorescence spectroscopy 

is extremely powerful for functional microscopy through 

the availability of highly specific labels and a large dynamic 

range to probe spatial and temporal details that give insights 

into cellular structure and organization, even in living cells.

The spatial resolution limit, however, prevents resolution 

of structural features that are smaller than approximately half 

a wavelength of light. This obstacle has triggered the devel-

opment of methods to bypass the so-called diffraction barrier, 

a fundamental principle in optics that was first described by 

Ernst Abbe in 1873 and further discussed by Rayleigh and 

others. After the introduction of the first  concept for fluores-

cence imaging beyond the resolution limit [40–42] several 

methods have emerged that enable super-resolution imag-

ing with optical resolution approaching the molecular scale 

[43–48]. Among them are stimulated emission depletion 

(STED), which makes use of a nonlinear saturation process 

for the controlled de-excitation of fluorophores [42,43] and 

structured illumination microscopy (SIM) [49,50], where a 

finely structured excitation pattern is used to demodulate high 

spatial frequencies that encode structural information beyond 

the diffraction limit. In parallel, alternative super-resolution 

imaging methods emerged that use precise determination of 

position (localization) of individual fluorophores by record-

ing and computationally fitting their diffraction patterns in 

the imaging plane. Ultimately, temporal separation of fluoro-

phore emission [51] paved the way for single-molecule-based 

localization microscopy by stochastic photoswitching as in 

photoactivated localization microscopy (PALM) [52], fluo-

rescence photoactivation localization microscopy (FPALM) 

[53], stochastic optical reconstruction microscopy (STORM) 

[54], direct stochastic optical reconstruction microscopy 

(dSTORM) [55], spectral precision distance microscopy 

(SPDM) [56], ground state depletion microscopy followed by 

individual molecule return (GSDIM) [57], blink microscopy 

[58], super-resolution optical fluctuation imaging (SOFI) 

[59], and related methods [60].

Fluorescence detection with a high signal-to-background 

ratio is the key for precise localization of the emission pat-

tern of individual molecules. For negligible background 

noise the precision of localization depends only on the num-

ber of collected photons N and on the standard deviation of 

the true PSF (σ) and can be approximated by σ/ N [61–63]. 

Given the fact that it is possible to detect thousands of fluo-

rescence photons from a single organic fluorophore before 

it photobleaches, localization of individual fluorophores 

with one nanometer accuracy (FIONA) is feasible and was 

used successfully, e.g. to monitor molecular motor dynamics 

[64]. To achieve super-resolution fluorescence imaging, the 

fluorophore emission from proximate fluorophores has to be 
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temporally separated. In single-molecule-based localization 

microscopy methods this is achieved by stochastic activation 

of individual fluorophores, single-molecule detection using 

a wide-field fluorescence microscope equipped with a sensi-

tive CCD camera, and precise position determination (local-

ization), i.e. fitting of ideal PSFs (point spread functions) to 

the measured photon distributions. As long as the distance 

between individual fluorophores is greater than the distance 

resolved by the microscope in any one recorded image (> λ/2 

on the CCD camera), the standard error of the fitted position 

can be made arbitrarily small by collecting more photons and 

minimizing noise factors [61,62].

The principle procedure for single-molecule-based 

localization microscopy is shown in Figure 10.7. A target 

structure is densely labeled with photoswitchable or photo-

activatable fluorophores, the majority of which have to be 

transferred to the non-fluorescent state. During the actual 

experiment, only a subset of single emitters is switched on 

stochastically per image (see Video 1). At any point in time 

the density of activated fluorophores should be low enough 

to allow the isolated localization of individual fluorophores. 

Activation and localization are repeated many times, and a 

final image with superior resolution is reconstructed from 

all single-molecule positions determined.

Fluorophores for Localization Microscopy

Common to all single-molecule-based localization micros-

copy methods is the need for fluorophores that can be pho-

toactivated or reversibly photoswitched by irradiation with 

light. Such fluorophores exhibit a fluorescent on-state, a 

non-fluorescent off-state, and a transition between these 

states. The most prominent variants are photoactivatable or 

photoconvertible fluorescent proteins (PA-FPs) [65,66], as 

used in PALM and FPALM or standard organic fluorophores 

[67,68] or pairs of organic fluorophores, i.e. combinations of 

activator and reporter fluorophores [54] as used in dSTORM 

and STORM. PA-FPs are genetically fused to target proteins 

and endogenously expressed in cells and organelles. More-

over, stable cell lines can be prepared that achieve protein 

labeling efficiencies approaching 100%, a level impossible 

to achieve by chemical staining with synthetic fluorophores. 

Furthermore, fluorescent proteins are smaller (a barrel with 

dimensions 2.4 × 4.2 nm) than e.g. fluorophore-labeled anti-

bodies typically used in dSTORM and STORM applications 

(the size of an IgG antibody is about 7–8 nm). Therefore, the 

density of fluorophores tagging a structure is generally lower 

compared to endogenously expressed PA-FPs.

Whereas the smallest resolvable distance between two 

fluorophores determines the optical resolution, the struc-

tural interpretation of localization microscopy data is deter-

mined by the labeling density. According to information 

theory, the required density of fluorescent probes for super-

resolution imaging has to be sufficiently high to satisfy the 

Nyquist–Shannon sampling theorem [63]. In essence, this 

states that the mean distance between neighboring localized 

fluorophores (the sampling interval) must be at least twice as 

fine as the desired resolution. For example, to resolve 20 nm 

structural features in one dimension, a fluorophore has to be 

localized at least every 10 nm. Extended to a two-dimensional 

structure, this corresponds to a labeling density of about 104 

fluorophores µm−2 and translates to 600 fluorophores present 

within a diffraction-limited area of diameter ∼250 nm. Only 

one of these 600 fluorophores should reside in its fluorescent 

state at any time of the experiment, implying that the lifetime 

of the off-state has to be at least 600 times longer than the 

lifetime of the fluorescent on-state [69].

On the other hand, PA-FPs typically exhibit a lower 

photostability and brightness than standard organic fluo-

rophores. The number of detectable photons of PA-FPs is 

 typically a few hundred photons before they bleach, whereas 

synthetic fluorophores can emit more than 1000 photons 

per cycle [70], which has a direct consequence on localiza-

tion precision [61,62]. From this point of view dSTORM 

and other methods employing small organic fluorophores 

are advantageous because the fluorophores survive under 

moderate excitation conditions for longer time periods  

(i.e. they exhibit a higher photostability), emit thousands of 

photons, and their photoswitching rates can be controlled by 

FIGURE 10.7 Principle of single-molecule-based localization micros-

copy. (A) A structure is labeled with photoswitchable or photoactivatable 

fluorescent probes and imaged by wide-field fluorescence microscopy. 

Activation of only a subset of fluorophores at any time of the experiments 

allows the isolated detection (B) and position determination of individual 

fluorescent probes with high precision (C). (D) Localization pattern of 

all localizations performed. To improve visualization of the localization 

 pattern, artificial subpixels with a size of ∼1/10 of the regular pixel size 

are usually applied to color code the density of localizations (E,F). With 

permission from reference 45.
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ONLINE VIDEO 1 (Actin-dStorm.avi).
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external means [55,67,71]. Furthermore, a large number of 

commercially available fluorescent probes spanning the entire 

visible spectral range [67,71] can be directly used as photo-

switches in aqueous solvents simply by adding  millimolar 

concentrations of reducing thiols (Fig. 10.8). Therefore, 

dSTORM has been used successfully to study the number, 

distribution, and density of cellular or  membrane proteins in 

fixed cells [71–75] and the in vitro dynamics of molecular 

motor proteins [76]. Appropriate reducing conditions inside 

a living cell (all cells contain reducing agents such as gluta-

thione) enable live-cell dSTORM [77], which has been used 

to study the distribution and dynamics of core histone pro-

teins [78–80] applying real-time data analysis. This opens 

the potential to combine dSTORM with (F)PALM to perform 

multicolor super-resolution imaging experiments in living 

cells, profiting from orthogonal labeling strategies [81].

Realization of Direct Stochastic Optical 
Reconstruction Microscopy Experiments

In order to determine the position of single fluorophores, the 

fluorescence signal (given by the number of fluorescence 

photons detected) should be very high, whereas the back-

ground (background fluorescence and detector noise) should 

be as low as possible. Optimal results can be achieved by 

single-molecule fluorescence imaging with a high signal-to-

background ratio using an inverted fluorescence microscope 

equipped with an oil-immersion objective with high numeri-

cal aperture (NA ≥1.45) operated in objective-type total inter-

nal reflection fluorescence (TIRF) microscopy mode. TIRF 

microscopy limits fluorophore excitation to a thin evanescent 

field (100 to 200 nm) and minimizes background light. 3D or 

whole-cell imaging can be realized using a wide-field config-

uration, at the expense of a lower signal-to-background ratio 

and a lower precision in single-molecule localization. An 

interesting approach is the illumination by a highly inclined 

and thin beam that allows axial sectioning (HILO) [82]. For 

excitation, either a multi-line argon–krypton gas-ion laser in 

combination with a 405 nm diode laser or single-line semi-

conductor lasers emitting at 405, 488, 532, 568, 640, and 

660 nm, with an output power of 100 mW, should be used. 

Laser lines are combined by suitable dichroic mirrors and/

or selected by an acousto-optical tunable filter (AOTF) and 

coupled into the microscope objective using an appropriate 

polychromatic mirror. Typically, excitation intensities in the 

range of 1–5 kW cm−2 have to be applied for readout and 

photoswitching at frame rates of 10–100 Hz. For recovery of 

the on-state, excitation intensities at 405 nm – well below 1 

kW cm−2 (e.g. 0–0.1 kW cm−2) [83] – are sufficient.

The fluorescence light in the detection path is filtered 

using suitable bandpass filters and imaged with an elec-

tron-multiplying CCD camera. The CCD chip collects the 

incoming photons in pixels with a typical size in the range 

of 16 × 16 µm2 to 24 × 24 µm2. To preserve most of the 

position information in the fluorescence signal data, a pixel 

size of ∼ 2.3× smaller than the Abbe resolution limit of the 

optical system is generally used. Thus, for visible light, the 

fluorescence signal should be imaged ensuring a pixel size 

of 80–160 nm (typically ∼100 nm) using appropriate addi-

tional lenses. Finally, a video sequence containing several 

thousands of images is recorded.

In Situ Imaging of Abeta 40 and Abeta 42 Self 
Assembly Reactions

To demonstrate the capability of dSTORM in the study of pro-

tein aggregation, Aß1-42 amyloid fibrils were formed in vitro 

by diluting the monomeric peptide in 50 mM sodium phos-

phate buffer, pH 7.4, and incubating it at room temperature 

for 4 days prior to examination by transmission electron 

microscopy (TEM) and super-resolution imaging. Cells were 

plated on LabTek II 8-well chambered coverglass. For detailed 

information see reference 8. After 12–24 hours, the medium 

was replaced with medium without FCS and the cells were 

incubated either with HiLyte Fluor™ 647 cys-Aß1-40 or with 

unlabeled Aß1-42 for 1 hour prior to fixation. Unlabeled Aβ1-

42 was stained by indirect immunochemistry using monoclo-

nal anti-Aß antibody and Alexa Fluor® 647 goat anti-mouse 

IgG antibody, respectively. In both cases we typically detected 

1000–5000 photons per frame from single fluorophores, allow-

ing a localization precision of better than 20 nm in the imaging 

plane, experimentally determined from repetitive localizations 

of individual Alexa Fluor® 647 labeled antibodies (see Video 

2). For TEM experiments Aß1-42 was adsorbed onto formvar-

coated 400 Mesh copper grids for 5–10 minutes and negatively 

stained with 2% (w/v) uranyl acetate (Fig. 10.9).

Direct comparison of the images shown in Figure 

10.9 demonstrates that dSTORM achieves a resolution 

approaching that of EM techniques. These images were 

obtained in total internal reflection fluorescence (TIRF) 

mode to image fibrils immobilized on the sample cover-

slip. To unravel the morphology of fibrils and other impor-

tant details of intracellular aggregate formation of Aß1-40 

and Aß1-42 deep inside of cells when exogenously added 

to cells in culture, we performed additional dSTORM 

experiments. Whereas cells in contact with soluble Aß1-40  

showed, at most, only small oligomeric species within cells 

(Fig. 10.10), cells treated with a 1 µM solution of Aß1-42 

unequivocally unravel the morphology of the fibrillar struc-

tures (see Video 3). Figure 10.10 underscores the resolution 

improvement attained by dSTORM compared to conven-

tional TIRF microscopy. dSTORM can easily resolve adja-

cent fibrils well below the diffraction limit. Fibril diameters 

were determined to be in the 40–50 nm range from the full 

width half-maximum points of cross-sectional profiles. In 

addition to the actual fibril diameter, there is a significant 

contribution to this width from the size of the fluorescent 

antibodies used in the immunochemical labeling procedure.
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ONLINE VIDEO 2 (Abeta42_dStorm_in vitro.mpg).

ONLINE VIDEO 3 (Abeta42_dSTORM_HeLa.mpg).
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FIGURE 10.8 Reaction scheme, absorption, and EPR spectra of stable rhodamine radicals. (A) The dye is excited with rate kexc, fluoresces with kfl, or 

enters the triplet state (3F) dependent on its intersystem crossing rate kisc. The triplet state of the fluorophore can react with oxygen (k’isc(O2)) to repopulate 

the singlet ground state F0 and produce singlet oxygen 1O2, or react with the thiol with rate kred(RSH/RS-) to form the semi-reduced dye radical (F ) and the 

thiyl radical (RS ). The semireduced dye radical can react with oxygen to repopulate the fluorescent singlet state with rate kox(O2). (B) Absorption spectra 

of an aqueous Alexa Fluor 488 solution containing 100 mM MEA, pH 9.3 before and after irradiation at 488 nm for 5 min. The radical anion exhibits an 

absorption maximum at 396 nm with an extinction coefficient of ε= 5.1 × 104 l mol−1 cm−1. (C) Absorption spectra of Alexa Fluor 488 measured in a sealed 

cuvette with time after photoreduction. The lifetime of the radical anion was determined to be about 7 hours. (D,E) EPR spectra and time-dependent behav-

ior of the signal of a 10−4 M aqueous solution of Alexa Fluor 488 in the presence of 100 mM MEA, pH 9.3 after irradiation at 488 nm for several minutes. 

The exponential decay of the EPR signal reveals a radical lifetime of ∼100 minutes in non-sealed EPR capillary tubes. The pH of the solution was increased 

to 9.3 to facilitate photoreduction. The radical anion disappears immediately upon purging of the capillary with air. With permission from reference 83.
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The dSTORM images were subjected to more detailed 

analysis in order to probe the morphology of the intracellu-

lar aggregates of Aβ. Cross sections of the fibrils show (Fig. 

10.10) that the lateral resolution achieved by dSTORM 

is sufficient to identify individual fibrils both in vitro and 

in vivo and reveal that intracellular fibrils have a similar 

morphology to that of fibrils observed in vitro. In particu-

lar, intracellular fibrils show a multimodal distribution of 

lengths in the range 0.3 to 1.9 µm [8]. The majority appear 

straight, but about 10% of the fibrils exhibit bending angles 

in the range 135°–165° [8]. These characteristics are similar 

to those observed for Aβ1-42 fibrils derived from the post- 

mortem brains of AD patients [84].

Super-Resolution Imaging of Human 
Lysozyme

In a different example to probe amyloidogenesis via super-

resolution imaging, we examined the formation of fibrils 

from mutational variants of human lysozyme, which is 

associated with a fatal form of hereditary non-neuropathic 

systemic amyloidosis. Super-resolution imaging has poten-

tial to unravel mechanistic details of lysozyme aggregation 

and help to further our knowledge of misfolding condi-

tions and their relation to disease progression [85]. We have 

recently shown that a biotin moiety can be introduced at the 

Lys33 site of human lysozyme such that both the protein’s 

native state and its aggregation kinetics are not measurably 

altered. This then permits the introduction of labels suitable 

for dSTORM super-resolution imaging through the use of 

biotin–avidin interactions. The dSTORM analysis of the 

biotin–human lysozyme aggregates clearly reveals fluores-

cent fibrils with greatly improved resolution compared to 

that achievable with conventional fluorescence techniques 

(Fig. 10.11, A–F). Figure 10.11D shows a fibril bundle 

with a diameter of 133±20 nm, which is comparable to the 

diameter observed in the TEM images of similar bundles 

(approximately 100–200 nm) (Fig. 10.11G). For further 

details please see reference 85.

CONCLUSION

In this chapter we have reviewed novel fluorescence imag-

ing techniques capable of following protein aggregation 

kinetics in real time, both in vitro and in vivo. With indirect 

techniques such as homoFRET and fluorescence lifetime 

imaging it is possible to glean information on the aggrega-

tion state dynamically in complex model systems of disease. 

Examples include the study of toxic phenotypes in animal 

models, which can be correlated to the degree of aggrega-

tion of amyloidogenic species. We also describe an optical 

super-resolution method, with which it is possible to obtain 

FIGURE 10.9 Top row. Left. dSTORM image of extracellular Aβ1-42 aggregates with which cells were incubated. Right. Corresponding TEM image of 

in vitro Aβ1-42 aggregates. Bottom row. Left. dSTORM image of a section of a cell containing Aβ1-42 fibrils. Right. TEM image of Aβ1-42 fibrils formed 

in vitro after 4 days at room temperature. White scale bars: 500 nm; black scale bars: 100 nm. With permission from reference 8.
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FIGURE 10.10 (A) dSTORM image of extracellular Aβ1-42 aggregates. (B,C) Fluorescence and corresponding dSTORM images showing small oligo-

meric and fibrillar forms of Aβ1-40 and Aβ1-42 formed within HeLa cells detected with a primary antibody against Aβ and a secondary antibody conjugated 

with Alexa Fluor 647. (D) Adjacent fibrils can be resolved well below the diffraction limit. Fibril diameters were determined to be in the 40–50 nm range 

from the full width half-maximum points of cross-sectional profiles. Intensity profile across a transverse section of a dSTORM image displaying intracel-

lular Aβ1-42 aggregates. Yellow rectangles on the panels indicate the same field of view. Images were recorded in highly inclined illumination mode [85]. 

With permission from reference 8.
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FIGURE 10.11 (A–C) Super-resolution dSTORM images of different biotin–human lysozyme (BioHuL) fibrils (formed in vitro). (D) An overlay of a 

straight BioHuL fibril with its fluorescence sum image. (E) The cross-sections of the individual fluorescence sum and the super-resolved dSTORM image 

of the BioHuL fibril displayed in panel (D). The full-width half-maximum (FWHM) of the fluorescence intensity distribution of the unresolved sum image 

depicts a fibril diameter of 783 nm whereas the super-resolved image depicts a fibril diameter of 133 nm; the latter showing 6 times better resolution. (F) 

Left panel. DIC image of BioHuL present within SH-SY5Y mammalian cells after probing with streptavidin-Alexa647. Center panel. Fluorescence sum 

image of a region within the SH-SY5Y cells. Right panel. Super-resolution dSTORM images of BioHuL fibrils in the same region of the SH-SY5Y mam-

malian cells as the fluorescence sum image. All scale bars represent 1 µm. (G) TEM images on the left and right show the fibrils formed by WTHuL and 

BioHuL, respectively; the scale bars represent 500 nm. BioHuL (gray) and WTHuL (black) were incubated in the presence of 3 M urea in 0.1 M citrate 

buffer (pH 5.0) with constant stirring at 60°C. With permission from reference 85.

images of amyloid structure at a resolution approaching 

that of electron microscopy techniques, but which retains 

the advantages of fluorescence techniques and thus is capa-

ble of application in cells and organisms. These very recent 

developments are set to change our capability to study 

molecular mechanisms of aggregation diseases
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