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ABSTRACT   

Aggregation of misfolded proteins is a characteristic hallmark of many neurodegenerative disorders, such as Parkinson’s, 

Alzheimer’s and Huntington’s diseases. The ability to observe these aggregation processes and the corresponding 

structures formed in vitro or in situ is therefore a key requirement to understand the molecular mechanisms of these 

diseases. We report here on the implementation and application of Stimulated Emission Depletion (STED) microscopy 

to visualize the formation of amyloid fibrils in vitro. 
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1. INTRODUCTION 

Neurodegenerative disorders include more than 600 pathologies afflicting the nervous system. The most common 

pathologies are: Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and amyotrophic lateral sclerosis. These 

disorders are often associated with a progressive loss of neurons structure and function starting from different parts of the 

brain before spreading to other regions. One of the main features of these disorders is that they exhibit similarities that 

relate them to one another at the molecular level: lesions found in the brain of patients have been associated with fibrillar 

aggregates of proteins such as: amyloid β, α-synuclein, tau or huntingtin
1,2

. Under certain physiological conditions these 

proteins tend to misfold and aggregate, forming the so-called amyloid fibrils with remarkably common structures and 

morphologies. Amyloid fibrils consist of individual beta-sheet-rich protofibrils, which are twisted around a common axis 

to form fibre-like structures with diameters in the range of 2 to 15 nm and with lengths that can reach up to several 

micrometres
3
. Understanding the fundamental mechanism behind the formation of these fibrillar aggregates is therefore a 

key challenge of current biophysical and life science research. 

Previous studies using nuclear magnetic resonance (NMR), electron microscopy (EM) or atomic force microscopy 

(AFM) have extensively characterized the structural properties of a broad range of amyloid fibrils
4–6

. These techniques 

have been invaluable to investigate mature amyloid fibrils or intermediates isolated from the aggregation process in vitro. 

On the other hand, conventional microscopy methods, which compared to the aforementioned techniques, can be applied 

to study aggregation kinetics directly and non-invasively, have proven valuable in this context. For example, Thioflavin 

T based-assays are currently the bench-mark for the characterization amyloid fibril kinetics
7–9

. However, since the 

characteristic length scale of the protein assemblies is two orders of magnitude smaller than the spatial resolution of 

conventional optical microscopes such approaches are limited to ensemble measurements. This is currently limiting as it 

has been shown that amyloid fibrils exhibit inhomogeneous growth kinetics over extended periods of time
10

. This 

suggests that there is a compelling need for simple biophysical methods with intermediate resolving power enabling to 

map and characterize the kinetics of amyloid fibrils directly and non-invasively
10,11

. In this context, we report here on the 

implementation and application of a Stimulated Emission Depletion (STED) microscope to visualize amyloid fibrils and 

which, in the future, will permit the extraction of quantitative parameters on fibril growth kinetics. 
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2. IMPLEMENTATION OF STED MICROSCOPY 
2.1 Principle 

Stimulated Emission Depletion (STED) microscopy, introduced in 1994 by Hell and Wichman
12

, is one of the super-

resolution techniques
13–15

 breaking the diffraction limit. STED microscopy, was first implemented in the confocal 

geometry
16

 to improve the resolution along two or three dimensions
17

 but has also been extended to other illumination 

and detection geometries such as to orthogonal
18,19

 or to wide-field-based geometries
20–22

.  

In confocal laser scanning microscopy, the samples labelled by a fluorescent protein or a dye, such as ATTO 647N, are 

mapped by raster scanning a focused laser beam across the region of interest (Figure 1a). For each position of the 

excitation spot (centered at λ = 640 nm) the red fluorescence generated by the emitting fluorphores is collected in the 

range of 650-720nm and an image is reconstructed digitally pixel by pixel. Generally, due to the diffraction of light for 

each pixel the fluorescence is collected over a volume which lateral and axial extensions at full width half maximum are 

approximately given by the following expressions
23

: 

𝛿𝑋𝑌 ≈ 0.5 × 𝜆 𝑁𝐴⁄      (1) 

𝛿𝑍 ≈ 0.9 × 𝜆 (𝑛 − √𝑛2 − 𝑁𝐴2)⁄ ,      (2) 

where NA is the numerical aperture of the microscope objective lens and n the refractive index of the immersion liquid. 

This sets the axial and lateral resolution to about 230 nm and 590 nm respectively for a lens with NA = 1.4 and means 

that each detail in the sample finer than these typical length scales is ‘’lost’’ in the final image (Figure 1a). To break this 

resolution limit, STED microscopy uses stimulated emission depletion to prevent fluorescence emission from the 

molecules on the outer part of the excitation volume. In the two-dimensional case, this is generally achieved by super-

imposing a doughnut-shaped beam to the excitation beam. Given that its central wavelength lies outside the detection 

band, the molecules undergoing spontaneous emission can be distinguished from the molecules undergoing stimulated 

emission. By saturating the depletion, fluorescence originates only from a small volume near the optical axis and the 

effective lateral resolution depends on the depletion intensity 𝐼𝑆𝑇𝐸𝐷, the stimulated emission cross section 𝜎, and the 

fluorescence lifetime 𝜏𝑓𝑙 of the dye as follows: 

𝛿𝑋𝑌 =
0.5×𝜆 𝑁𝐴⁄

√1+𝜎𝜏𝑓𝑙×𝐼𝑆𝑇𝐸𝐷
       (3) 

In theory, the resolution is unbounded, but in practice it is limited to 30−80 nm by the photostability of the probes and 

the signal to noise ratio. Although STED microscopy has been implemented using continuous wave excitation
24

, in the 

present study we report on the implementation of the technique using a pulsed laser and present how a commercial 

confocal microscope can be converted into a STED microscope and then used to map the aggregation of misfolded 

proteins. 

 
Figure 1. Principle of confocal laser scanning microscopy and Stimulated Emission Depletion microscopy. 
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2.2 Optical Set up 

The optical set up of our STED microscope is depicted in Figure 2. It has been optimized for red fluorescent dyes or 

proteins, such as ATTO 647N, STAR 635 and TagRFP
25,26

. It comprises two synchronized pulsed trains deriving from a 

single titanium:sapphire laser (Ti:S, Mai Tai HP, Spectraphysics), whose specifications are listed in Table 1. The 

excitation and depletion pulse trains are thus temporally synchronized by design, making the use of electronic 

synchronization unnecessary. 

Table 1. Specifications of the titanium:sapphire laser and the derived beams for fluorescence excitation and 

depletion. 

 Ti:S Excitation Depletion 

Central wavelength 765 nm 640 nm 765 nm 

Pulse duration (τ) 100 fs 60 ps 100 ps 

Repetition rate (TRep) 80 MHz 80 MHz 80 MHz 

 

 
Figure 2. Schematic of the home-built STED microscope. (a-c) The excitation and depletion beam required for 

STED originate from a single pulsed laser centered at λ = 765 nm. (d) The excitation and depletion beams are 

sent to a point-scanning microscope and images are acquired by raster scanning the beams across the sample. 

(e) Detection module: fluorescence is collected by an avalanche photodiode before being reflected off a dichroic 

mirror and filtered by a bandpass filter. Alternatively, light scattered by the sample can be collected by a 

photomultiplier tube after reflection off a pellicle beam splitter. (f) Measurement of the excitation and depletion 

point spread functions using gold nanobeads. Scale bars: 500 nm.  

To control the overall power of the Ti:S laser a motorized half wave plate and a polarization beam splitter are placed 

directly at the output of the Ti:S laser (not shown). The beam of the Ti:S laser is then split into two beams by a second 

pair of a motorized half wave plate and a polarization beam splitter to generate the excitation and depletion pulse trains 

(Figure 2(a-c)). The reflected beam is focused onto a photonic crystal fiber (FemtoWhite, NKT Photonics) to generate a 

white-light radiation with a spectral density of approximately 0.1mW/nm, from 500−700nm. After collimation, the 
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excitation pulse train is extracted from the supercontinuum source with bandpass filters and coupled into a 30 m long 

polarization maintaining single-mode fiber (PM630-HP, Thorlabs). The transmitted beam is then passed through a 48 cm 

long glass block of SF66 to minimize spectral broadening due to self-phase modulation and coupled into a 100 m long 

polarization maintaining single-mode fiber (PM630-HP, Thorlabs). Based on Sellmeier coefficients of fused silica the 

final pulse duration of the excitation and depletion beams should then be 60 and 100 ps, respectively. After collimation, 

the excitation and depletion beams are spatially overlapped with a dichroic mirror (T735spxr, Chroma) and sent to a 

commercial beam-scanning microscope (Figure 1(d-e)) provided by Abberior Instruments. The beams are focused onto 

the sample by a 100x/1.4 NA oil immersion objective lens (UPLSAPO 100XO, Olympus) mounted on a microscope 

frame (IX83, Olympus) and images are acquired by raster scanning four galvanometer mirrors (Quad scanner, Abberior 

Instruments). The scanners provide a true standing pattern on the back aperture of the microscope lens guaranteeing an 

identical depletion beam on the sample in a field of view of 80×80 μm
2
 
27

. To locally quench the fluorescence generated 

by the excitation beam, the depletion beam is shaped into a so-called doughnut beam produced by a spatial light 

modulator (X10468−02, Hamamatsu)
28

. The device is used to spatially shape the phase of the depletion beam on the 

back aperture of the microscope lens, thanks to two pairs of achromatic doublets imaging the spatial light modulator 

chip. Eventually, the fluorescence photons emerging from the sample are collected by the microscope objective lens, and 

after being descanned, are sent to a pinhole and an avalanche photodiode (SPCM-AQRH, Excelitas Technologies) by a 

dichroic mirror. Alternatively, recording of the excitation and depletion point spread functions is performed by collecting 

the light scattered by gold nanoparticles (Abberior) with a photomultiplier tube (H10723-20, Hamamatsu) and a pellicle 

beam splitter mounted on a motorized stage (Figure 2(e-f)). 

 

2.3 STED microscope made simpler with a Spatial Light Modulator 

 

The complexity of STED microscopes originates from two main factors. First, it requires two synchronized pulsed 

beams with pulse duration of approximately 100 ps, central wavelengths matching the excitation and emission spectra of 

the dyes but most importantly the depletion beam requires sufficient peak power to deplete efficiently the excited 

fluorophores. Over the past few years, new laser sources have been developed to facilitate the implementation of STED 

microscopes
29–32

. However, STED microscopy also requires microscope objective lenses with high numerical aperture, 

diffraction limited beams, the appropriate depletion pattern and the precise co-alignment between the excitation and 

depletion beams. The use of high numerical aperture and high magnification objectives makes the last three criteria even 

harder to fulfil. In particular, the so-called ‘’hollow’’ or ‘’bottle’’ beams, which are used for two- or three-dimensional 

STED microscopy and are conventionally produced by static phase masks, are particularly sensitive to decentring and 

optical aberrations
33

. This necessitates particular care on the alignment and on the choice of optics introduced in the 

beam path, such that the overall aberrations induced by the system are insignificant. In this regard, the use of a liquid 

crystal based spatial light modulator was proposed to simulate a conventional diffraction mask and correct for the optical 

aberrations of the system simultaneously
28,30,34

. As illustrated in Figure 3(a-b) this strategy can be implemented 

efficiently into a commercial confocal microscope in order to obtain diffraction-limited hollow or bottle beams (data not 

shown) with a 100x/1.4 NA oil immersion objective lens. We note, although this configuration is imperfect as it only 

corrects for the optical aberrations of the depletion beam it is in practice effective since the performance of a STED 

microscope is often limited by the quality of the depletion beam 
33,35

.  

Furthermore, in STED microscopy misalignments between the excitation and depletion beams affect the microscope 

performance. These misalignments derive from several causes. First, since the central wavelengths of the excitation and 

depletion beam lay in the visible and near-infrared spectrum, respectively, chromatic aberrations induced by the 

microscope objective lens lead to mismatch mainly along the optical axis. Secondly, imperfect alignment between the 

two beams before the microscope leads to a mismatch perpendicular to the optical axis, as they are exacerbated by the 

microscope objective lens which magnification is in the range of 60-100. In this regard, the use of a spatial light 

modulator considerably simplifies the operation of STED microscopes, as phase patterns affecting independently the 

lateral or axial shift of the depletion beam, corresponding to Zernike modes and called defocus tip and tilt, respectively 

can be simulated and added to the pre-existing pattern. As illustrated in Figure 3(c and d) this enables a computer-control 

of the beam alignment at the focus of a 100x/1.4 NA oil immersion objective lens and therefore permits the automatic 

co-alignment of the beams. This method simplifies the operation of a STED microscope, in particular since effects of 

thermal drift during a day of operation are not negligible. 
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Figure 3. Use of a spatial light modulator for STED microscopy. (a-d) Measurement of the excitation and 

depletion point spread functions at the focus of a 100x/1.4NA oil immersion objective lens for various phases 

applied on the spatial light modulator. (a) A radial phase ramp from 0 to 2π is applied on the spatial light 

modulator. (b) Optical aberrations introduced by the optical set up are compensated by introducing various 

coefficients of Zernike aberration modes. (c,d) Adjustment of the axial and lateral spatial overlap between the 

excitation and depletion beams by introducing various amounts of defocus and tip/tilt modes. Scale bars: 

500nm. 

2.4 Rigorous estimation of the STED spatial resolution 

The spatial resolution of our STED microscope was estimated from images of fluorescent beads of a 20 nm diameter 

(20 nm Crimson beads, Invitrogen) for gradual depletion intensities (Figure 4). Isolated beads were found automatically 

and fitted individually with 2D Gaussian function using custom Matlab scripts (Matlab, Mathworks). By using this 

procedure for each depletion intensity and over a large population of beads (N = 200−300) we obtained a histogram of 

the full-width-half maximum of the point spread function from the 20 nm beads. The spatial resolution of the microscope 

was then estimated as the mean value of each histogram. This was obtained by fitting each histogram with a 1D Gaussian 

distribution and with a confidence interval at 68 %, estimated from the variance of the Gaussian distribution.  

 

The fluorescent beads were diluted and attached to a microscope coverslip coated with Poly-L-lysine and embedded in 

2,2′-Thiodiethanol
36

 (TDE mounting medium, Aberriors). The following acquisition parameters were used for imaging: 

20×20 μm
2
 field of view, 20 nm pixel size and 30 μs pixel dwell time. The maximum peak intensity of the depletion 

beam at the focus of the objective was estimated using the following relation
37

: 
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2𝑃STED

𝑒×𝜋𝜔2 ×
𝑇Rep

𝜏STED
× 𝑇,       (4) 

where 𝑃STED is the average power of the depletion beam at the back aperture of the microscope objective, 𝜔𝑆𝑇𝐸𝐷 is a 

parameter related to the spatial extend of the depletion beam, 𝑇Rep is the repetition rate of the Ti:S laser, 𝜏STED is the 

pulse duration of the depletion beam, and 𝑇 the transmission of the microscope objective lens at λ = 765 nm (See Table 2 

for different parameters values). 

Table 2. Parameters used to estimate the depletion intensity at the focus of the microscope objective 

Parameters 𝑃STED MAX  𝜔𝑆𝑇𝐸𝐷 𝑇Rep 𝜏STED T 

Values 39 mW 350 nm 12.5 ns 100 ps 70 % 

 

When no depletion beam is applied, the spatial resolution of the STED microscope, which corresponds to the confocal 

resolution, is 270 ± 20 nm. As expected in the presence of a depletion hollow beam at λ = 765 nm the spatial resolution 

decreases with the depletion intensity and our results are in good agreement with the expected values obtained from 

equation (3). Currently, the spatial resolution of our STED microscope is 82 ± 14 nm, for a depletion peak intensity of 

650 MW/cm
2
. This corresponds to an improvement by a factor of 3.3 and we note that the resolution of our microscope 

is certainly limited by the amount of light still present at the “null” of the depletion beam, which is approximately 

5−7 %of the maximum intensity. 

 
Figure 4. Characterization of the spatial resolution with fluorescent beads. (a,b) STED and confocal images of 

20 nm fluorescent beads. (c,d) Estimation of the confocal and STED resolution as function of the depletion peak 

intensity. Scale bar, 500 nm. 

 

90

68

45

22

0

216

162

108

54

0

C
o

u
n

ts
/3

0
µ

s

500nm

C
o

u
n

ts
/3

0
µ

s

0 100 200 300 400
0

0.2

0.4

0.6

0.8

1

Resolution (nm)

N
o

rm
al

zi
ed

fr
eq

u
en

cy

Confocal

STED

50 150 250 350

82±14nm 270±20nm

0 100 200 300 400 500 600
0

50

100

150

200

250

300

Depletion Intensiy (MW/cm2)

R
es

o
lu

ti
o
n
 (

n
m

)

Data

Fit

(a) (b)

(c) (d)

Proc. of SPIE Vol. 9331  93310U-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/17/2015 Terms of Use: http://spiedl.org/terms



-
M

I

3. SUPER-RESOLUTION IMAGING OF AMYLOID FIBRILS 

3.1 Aggregation and labelling of the α-synuclein proteins 

Fibrils were formed by incubating seed fibrils and monomers of the human protein α-synuclein in 50 mM sodium 

phosphate buffer at pH 7.4 for 48h at 37°C. The seed fibrils and monomers were prepared according to the protocols 

detailed in
10

 and diluted to a final concentration of 2 µM and 20 µM respectively. After 48 h longer fibrils are formed 

due to the addition of monomeric protein. They were then drop-casted onto a microscope coverslip of a Labtek 

chambered well, previously coated with poly-L-lysine. Labelling of the fibrils was done by standard 

immunofluorescence staining. The fibrils were first incubated for 1 h with blocking buffer (goat serum diluted at 5 % in 

50 mM sodium phosphate buffer at pH 7.4). The fibrils were then incubated for 1 h with a primary mouse antibody 

against α-synuclein (α-Synuclein Mouse mAb LB509, Life technologies) and subsequently for another hour with an anti-

mouse secondary antibody conjugated to the dye ATTO647N (Anti-Mouse IgG - Atto 647N, Sigma). Primary and 

secondary antibodies were diluted to a final concentration of 0.9 μg/mL and 6 μg/mL, respectively, in blocking buffer. 

3.2 STED imaging of α-synuclein fibrils 

STED imaging of α-synuclein fibrils labelled with the dye ATTO647N was performed with our custom-built microscope 

described and characterized in the previous sections. To avoid spherical aberration on the excitation and depletion 

beams, 2,2′-Thiodiethanol (TDE mounting medium, Aberrior) was added to the imaging well. The fibrils were imaged in 

field of view of up to 80×80 µm
2
 using the acquisition parameters listed below, which correspond to a total acquisition 

time of up to 8 min per super-resolution image. 

Table 3. Acquisition parameters for the STED imaging of α-synuclein firbils 

Parameters 𝑃Exc  𝑃STED  Field of view Pixel size Pixel dwell time 

Values 80 µW 39 mW 80×80 µm 20 nm 30 μs 

 
Figure 5. Super resolution imaging of α-synuclein fibrils labelled with ATTO647N using primary and 

secondary antibodies. (a) STED image recorded on a 80×80 µm
2
 field of view with a 20 nm pixel size. Scale 

bar: 5 µm. (b,c) STED and confocal enlarged images corresponding to the dashed box area. Scale bar: 500 nm. 
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4. CONCLUSION 

In these proceedings we have reported on the implementation and application of a Stimulated Emission Depletion 

(STED) microscope to visualize amyloid fibrils in vitro. This home-built STED microscope is based on a 

supercontinuum source and a spatial light modulator. The former is a simple solution to excite various dyes, while the 

latter provides an effective way to generate aberration-free depletion patterns and to align routinely the excitation and 

depletion beams without moving any mechanical parts. Future work will focus on extracting quantitative parameters 

characterizing the amyloid fibril growth kinetics from the super-resolved images.  
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