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A near atomic-scale view at the 
composition of amyloid-beta fibrils 
by atom probe tomography
Kristiane A. K. Rusitzka1, Leigh T. Stephenson1, Agnieszka Szczepaniak1, Lothar Gremer  2,3, 
Dierk Raabe  1, Dieter Willbold2,3 & Baptiste Gault  1,4

Amyloid-beta (Ab) proteins play an important role in a number of neurodegenerative diseases. Ab is 
found in senile plaques in brains of Alzeimer’s disease patients. The 42 residues of the monomer form 
dimers which stack to fibrils gaining several micrometers in length. Using Ab fibrils with 13C and 15N 
marker substitution, we developed an innovative approach to obtain insights to structural and chemical 
information of the protein. We deposited the modified protein fibrils to pre-sharped aluminium 
needles with >100-nm apex diameters and, using the position-sensitive mass-to-charge spectrometry 
technique of atom probe tomography, we acquired the chemically-resolved three dimensional 
information for every detected ion evaporated in small fragments from the protein. We also discuss the 
influence of experimental parameters such as pulse energy and pulse frequency of the used Laser beam 
which lead to differences in the size of the gained fragments, developing the capability of localising 
metal atom within Ab plaques.

Amyloid-beta (Aβ) proteins are involved in a number of neurodegenerative diseases1–5. Notably, it plays an 
important role in the progress of Alzheimer’s disease6,7. Aβ peptides are formed by sequential cleavage of the amy-
loid precursor protein (APP) by β-secretase and the γ-secretase complex8. In the progress of Alzheimer’s diseases, 
these proteins can fibrillate and assemble forming extracellular plaques in inner organs and especially the brain9–12.  
Aβ occurs in different amino acid sequence-length and the plaques found in brains of Alzheimer-affected patients 
are most dominantly formed by Aβ1-4213–16. Over several years, various studies have repeatedly indicated that 
various metals ions may be associated with Alzheimer’s disease, e.g. copper, iron and zinc17,18. The different metal 
ions may lead to a change in the conformation of the Aβ protein18,19.

For understanding the biological function of proteins and to aid designing medical drugs, it is important to 
know the protein structure as well as possible and to acquire chemistry of the structural components. Therefore, 
a mixture of different techniques is usually used to complement each other, e.g. cryo-electron microscopy 
(Cryo-EM) density maps are often supplemented with nuclear magnetic resonance (NMR) or crystallography 
data.

Depending on the protocol used for in vitro studies, a wide range of different morphologies of the fibrils can 
be found. For this reason, a large number of different structure models has been published over the last years20, 
which have been discovered using different methods such as nuclear magnetic resonance (NMR)21–27, atomic 
force microscopy (AFM)28, cryo-EM29–33, scanning transmission electron microscopy (STEM)34, x-ray crystal-
lography35–37 or a combination of those methods. Different states of dimerization as well as structural orientation 
of the proteins with diameters in the range of 7–14 nm were examined.

A possible complementary technique is atom probe tomography (APT). APT which is well established in 
the materials sciences is the chemically most sensitive and highest resolving probing technique used to char-
acterize microstructures and local compositions of complex metallic alloys and semiconductors down to near 
atomic scale38,39. An APT specimen is fashioned into an approximately 100-nm radius needle and is biased to a 
high standing voltage with additional high-voltage or laser pulsing that triggers controlled field evaporation, a 
process whereby surface atoms are ionized in elemental or molecular form. The ions are then projected towards 
a time-resolved, single-particle detector comprising a stack of multichannel plates paired with a delay-line 
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detector. The ion’s time-of-flight and detector impact position provides the raw data that can be processed to 
build a three-dimensional reconstruction by means of a reverse-projection protocol. APT offers sub-nanometer 
resolution and the elemental identity of every individual ion39–44. APT has the potential to assist in understanding 
chemical gradients or unambiguously identify the presence of metals atoms and clusters, which could signifi-
cantly advance understanding protein structure and function. APT has also proven successful when applied to 
biological materials. Previous studies have demonstrated near-atomic resolution of chemically–resolved data of 
bulk bio-mineralized hard biological matter such as teeth and bone45–51. Progress was also made on more soft 
materials such as cells52,53 and also with ferritin as example for proteins54–56. In early designs of the atom probe 
microscope, single amino acids, nucleic acids and other polymers were successfully analyzed57–60.

Due to the still unsolved question of the presence of metal ions in naturally occurring Aβ fibrils, APT provides 
an opportunity to obtain structural information as well as the precise chemical identity of the ions. This different 
approach can also open the possibility to examine several other proteins which are associated to metal ions. Here, 
we used the same fibrils that were also the basis of a recently published 3D-reconstruction, made using data from 
cryo-EM and solid-state NMR33. The structure described therein refers to fibrils with a diameter of 7 nm. Instead 
of natural isotopes, C13 and N15 were incorporated in the protein. We present preliminary exploration of the 
possible application of APT to investigate the details of the elemental distribution within Aβ fibrils and discuss 
the influence of experimental parameters such as pulse energy and UV-laser pulse frequency on the data quality.

The aim of our work is to find a protocol to analyze Aβ fibrils by APT and know the influence of the main 
experimental parameters so as to maximize the accuracy of the measurements. We establish a step-by-step pro-
tocol with a list of parameters that need to be optimized, so that we can move ahead and start a systematic inves-
tigation, bearing in mind that the future target will be on detecting small quantities of metal ions. In this study 
we investigated the success of sample preparation based on the incubation time of the protein to the pre-sharped 
specimen, as well as the influence of pulse energy of the laser in a range of 10 pJ to 40 pJ and pulse frequency of 
the laser in a range of 125 kHz to 500 kHz. Laser pulse frequency and laser pulse energy were selected as the main 
parameters to optimise, as other parameter exploration studies had shown a limited influence of the base temper-
ature and detection rate in laser pulsing mode61.

Results and Discussion
Specimen Preparation. The first aspect we address is the preparation of specimens appropriate for repro-
ducible APT analysis of amyloid-beta fibrils. To avoid damaging the proteins during preparation, as perhaps 
from plasma FIB milling, we deposited the protein on a pre-sharpened Al-specimen (Fig. 1A). Gremer et al. 
have shown that the stability of Aβ is not affected by air drying the protein33. By air drying the sample, issues 
like brittleness through dehydrating agents or fixatives could be avoided. With a diameter of 7 nm and several 
micrometers in length33, it was not possible to control the results of deposition without staining in SEM or TEM.

Optimization of sample preparation. A schematic overview of the sample preparation is given in Fig. 1. 
Ions, evaporated from the specimen impact coordinate-sensitive detector (Fig. 1B), while a mass-to-charge spec-
trum is created (Fig. 1C) based on their time-of-flight (Fig. 1C). In all APT experiments, the measurements 
exhibited enough chemical contrast to distinguish the organic parts and the supporting Al-specimen (Fig. 1D). 
The thickness of the protein layer on the Al-needle should increase with longer incubation times. However, the 
primary target was to investigate individual fibrils at highest possible chemical precision and hence a thick layer 
was not desirable. Besides, proteins are relatively poor electrical conductors52. Therefore, a thicker protein layer 
will likely require a higher applied voltage to induce the surface field necessary to produce and evaporate ions thus 
possibly increasing the risk of failure of the experiment, which could be due to a loss of adhesion of the layer. Most 
specimens started emission between 2–3 kV and from these we acquired between one and four million ions per 
APT tip probed. Longer incubation times demonstrated a higher likelihood of specimen fracture early in an APT 
measurement. Several specimens, especially those with longer deposition times of the protein, fractured without 
any even emitting ions at a high voltage.

APT measurement. To provide a smooth and Xe-free surface, we did a short APT measurement (1–2 mio 
ions) before deposition of the protein. In those specimen which were plasma FIB finish milled at energies above 
16 kV, 90 pA, Xe was was implanted and observed in the mass-to-charge spectra (Fig. 2).

Different from metals and semiconductors, biological materials are characterized by a complex bonding 
energy landscape, ranging from very weak Van Der Waals bondings (0.1 eV) over ionic to several eV strong 
covalent bonds. Their integrity and decomposition when exposed to high voltage fields and laser induced tem-
perature increase can be very sensitive to the APT experiment conditions and so we were cautious when setting 
the laser pulse energy to minimize thermal damage, this being important to achieve well-behaved field evapo-
ration45,52,54,55,57. We varied the laser pulse energy from 10 pJ up to 40 pJ (Fig. 3) and the repetition rate between 
125 kHz to 500 kHz (Fig. 4) to explore their respective impact upon the quality of the mass-to-charge spectrum, 
particularly with respect to thermal tails coming from evaporation after the pulse has ended because of remaining 
thermal energy in the specimen and DC evaporation (described below). Beyond 500 kHz, the time between two 
pulses becomes too short to allow for the heavier ions to be detected in between two successive pulses causing 
their loss of making them impossible to identify their loss. Below 100 kHz, the background to signal ratio was 
often getting too low.

In mass-to-charge correlation histograms, diagonal trails with positive gradient indicated one of two 
mass-to-charge spectrum features in a laser-pulsed APT experiment62. One trail type is termed a heat tail when 
using laser-pulsed atom probe. This type of effect can often appear following some peaks in a one-dimensional 
mass-to-charge spectrum and, in a two-dimensional correlation histogram, they manifest as a smear of points 
from a coordinate pair (m1, m2) to greater masses. They are induced by a prolonged heating of the tip and, in the 
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current results, they preferably appear at a laser pulse energy of 40 pJ and are seen to decrease with lowering this 
energy (Fig. 3). At low pulse energies (10/15 pJ), only slight heat tails appear and we can accurately range many 
peaks in the one-dimensional mass-to-charge spectrum (Fig. 3). Ranging is more difficult at the higher pulse 
energies (20/40 pJ) as smaller peaks can disappear, their signal vanishing in the heat tails of former peaks as well 
as being subject to such heat-tail spread themselves.

The second trail type is from evaporation uncorrelated with the timed laser pulse and contributes evenly 
to the time-of-flight signal, increasing the one-dimensional mass-to-charge spectrum background. This trail 
results from field evaporation events that are correlated with each other but are not time-correlated with the 

Figure 1. Sample preparation. (A) SEM image of electropolished Al-specimen with schematic how Aβ might 
be deposited on Al-specimen. (B) Schematic image of Al-specimen with protein. In APT, ions evaporate from 
the sample surface and hit a detector. Based on the time-of-flight it is possible to identify the nature of the ion 
and create a mass-to-charge spectrum. (C) Mass-to-charge spectrum from an APT measurement with ranged 
regions of interest which stand for different ions we examine. D: Detector map in APT measurement showing all 
ranged atoms in top- and side view; dark blue is 27 Da (Al), orange is 29 Da (13C15NH/13C2H3/13CO).

Figure 2. Mass-to-charge Spectra of Al-specimen with Xenon. APT measurements of Al-specimen which were 
sharpened with final milling parameters by PFIB higher than 16 kV and 90 pA with implemented Xe.
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laser pulse, being stimulated merely from a sufficiently high specimen voltage (hence “DC” evaporation). In a 
two-dimensional mass-to-charge correlation plot with m2 ≥ m1, they appear as a curved lines crossing the m2-axis 
at m1 = 0, with the actual ion identities associated with mass-to-charge pairs (m1′, m2′), coordinates through 
which such curves pass. In such two-dimensional correlation plots, these DC evaporation trails can superimpose 
with heat tails, the latter phenomena being temporally similar. DC evaporation was evident in all experiments 
with pulse energies below 20 pJ and this contributed to the background in the one-dimensional mass-to-charge 
spectra (Fig. 5). At constant detection rates, lowering the pulse energy results in an increase in specimen voltage, 
which increases the field experienced by surface atoms. This was evident in the change of charge-states detected; 
with lower pulse energies (10/15 pJ) higher levels of C2+ (6/6.5 Da) and N2+ (7/7.5 Da) were observed because 
of a higher surface field. Restoration of the peak pattern by alternation of the pulse energies was always possible 
and, between experiments, peaks consistently appear at the same mass-to-charge-ratio (Fig. 3). A higher field also 
leads to smaller peaks in the detection. Beside the peak at 27 Da pertaining to Al, the most prominent peak at 10 
pJ was at 29 Da (C2H3, CNH, CO), while at 20 pJ it was at 44 Da (C3H5/CNO) and 45 Da (C3H6, CNHO, CO2).

In all APT measurements, longitudinal structures of organic ions are observed. We observed that the detected 
spatial structure of the protein seems to prevail even at higher pulse energies (Fig. 6). No noticeable changes in the 
structure are observed when alternating this parameter, which would perhaps simply lead to a different pattern in 
breaking of the amino acid bonds while field-evaporating. Changing the pulse rate and keeping the pulse energy 
constant at 10 pJ show slight changes in the resolution of the peaks (Fig. 4).

APT mass spectrum analysis. Proteins consist of hydrogen, carbon, nitrogen, oxygen and sulfur (sulfur is 
part of the amino acids cysteine and methionine). The molecular formula of an amyloid-beta 1–42 monomer is 
C203H311N55O60S. The protein forms dimers which are stacked together to form the fibrillar structure. We expect 
distinct peaks at 13.00 Da (13C+), 15.00 Da (15N+) and 16.00 Da (O+). After most of the protein was evaporated, 

Figure 3. Influence of different pulse energies on mass-to-charge-ratio. Atom probe measurement with all 
experimental parameters constant (50 K, 125 kHz) but varying pulse energy. Four different pulse energies were 
tested: 10 pJ, 15, pJ, 20 pJ and 40 pJ. At 10 pJ/15 pJ peaks are good to identify. Each color band mark a different 
ion type composed of the protein fragments. The higher the pulse energy is, the more small peaks vanish in a 
smear of heat tails from the former peaks. By lowering the pulse energy again the smear vanishes and the former 
peak pattern appears again.

Figure 4. Influence of different pulse rates on mass-to-charge-ratio. Changing the pulse rate has only slight 
influence to the appearance of the individual peaks. Four different pulse rates were tested (100 kHz, 200 kHz, 
333 kHz and 500 kHz) using a 10-pJ pulse energy. The identified ions and complex ions are ranged in different 
colors.
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Figure 5. Correlation histograms. Correlation between the mass-to-charge ratios of double ion detections 
shown for different laser pulse energies; for the corresponding mass-to-charge spectra see Fig. 3. Colormap 
showing the how many ions hit the detector at the same time.

Figure 6. Difference between organic and inorganic parts of the specimen. Detector map showing evaporation 
of organic and inorganic material. (A) Distribution of ions coming from the prominent peak in the mass-
spectrum at 29 Da (C2H3, CNH, CO) in pink; Al underneath the protein layer marked in dark blue. Other colors 
are various types of ions from different fragments of the protein. (B) Based on iso-surface concentration, dark 
blue: Aluminum from the substrate, orange: protein material.
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peaks at 9, 13.5 and 27 Da occurs which correspond to three charge states of Al. Peaks at 13 Da (13C+), 14 Da 
(13CH or 12CH2/14N from the solvent), 15 Da (15N/13CH2 or 12CH3 from the solvent), 16 Da (14NH2/O/13CH3), 
17 Da (OH/15NH2/14NH3), 18 Da (H2O/15NH3) and 19 Da (OH3+) are found in all measurements. Unless specified 
otherwise, C and N correspond to the isotopes 13C and 15N respectively.

The peaks at 14 Da, 17 Da and 18 Da do not correspond to the longitudinal structures given by ions like CNH/
C2H3/CO (29 Da). The main peaks corresponding to the organic phase are at 29–31 Da (C2Hn) and 41–45 Da 
(C3Hn). The whole data sets reveals many overlapping mass-to-charge peaks, so it is not possible to certainly 
identify the chemical identity of the peaks. Most of the peaks can contain more complicated combinations of 
elements. It is likely that the peaks between 26 Da and 32 Da correspond not only to some C2Hn but also to several 
C, N and H ion combinations which occur in the protein backbone. The peaks between 40 Da and 46 Da contain 
both C3Hn, C2NHn and CNO/CNOH. Peak overlaps like these makes it challenging to give a clear picture of the 
detected ion species (Table 1).

Da Solvent/Chamber (12C/14N) Protein (13C/15N))

1 H H

2 H H

3 H H

9 Al

12 C

13 CH C

.13 5 Al

14 CH2 N CH

15 CH3 CH2 N

16 CH3 NH O

17 NH2 OH

18 NH3 H2O

19 H3O

26 C2H2 CN C2

27 Al C2H3 C2H

28 AlH CO C2H2 CN

29 C2H3 CNH CO

30 C2H4 CNH2 COH CSH

31 C2H5 CNH3 COH2 CSH2

32 O2 CNH4 COH3 S2

33 CNH5

40 C3H

41 C2NH3 C3H2 C2N

42 C3H3 C2NH C2O

43 AlO C3H4 C2HO

44 AlOH CO2 C3H5 CNO

45 CO2H C3H6 CNHO CO2

46 C3H7 CNOH2 CO2H

47 CO2H2

53 C4H

54 C4H2

55 C4H3

56 C4H4

57 C4H5

58 C4H6

59 C4H7 C2NOH

60 C4H8

61 C4H9

Table 1. Possible overlaps in ion identity in mass-spectra-gained gained from protein deposited on Al-
specimen. Peaks in the mass-to-charge-spectra gained from APT measurements. Possible overlaps at different 
positions in the spectra between different types of ions from the protein and the buffer solution from the protein 
(Solvent).
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Image stack used as 3D-reconstruction. Based on the mass-to-charge deconvolution and fragment 
association outlined above we we were able to distinguish between organics which occur as different combina-
tions of C, H, O and N and the support specimen (Al) (Fig. 6). The organic compounds are mainly observed as 
longitudinal structures which occurred in all measurements. This would fit to our expectation as the proteins 
are deposited as a thin layer on the surface of the Al-specimen. The organic compounds occurred mainly in the 
beginning of the measurement while Al is only evaporated later in an experiment (Fig. 6). Interestingly different 
types of ions such as CNH (29 Da) and Al (27 Da) have been detected only in specific regions, i.e. ions belonging 
to the protein follow the longitudinal structure, Al-ions are detected around or underneath it and some ions are 
randomly distributed (Fig. 7), possibly due to trajectory aberrations in the evaporation and projection of ions. 
Aβ contains one methionine, but it was not possible to locate the single sulfur ion in it owing to the many peak 
overlaps and due to insufficient knowledge on the bond breaking. Also, it remains unclear at his stage if sulfur is 
combined with other ions while evaporating (Table 1).

Conclusions
We studied the chemical composition of proteins that are related to Alzheimer’s disease by atom probe tomogra-
phy. Firstly, we showed that Aβ fibrils can be readily deposited as a thin layer onto an Al substrate. Secondly, we 
demonstrated that this protein specimen could be successfully analyzed using laser-pulsed atom probe tomogra-
phy. Instead of using any standard three-dimensional reconstruction protocol, we directly reconstructed image 
stacks from atom probe detector information to study the field evaporation sequence. This approach gave a good 
representation of the ion distributions and sample morphologies but, in general, in all datasets we observed an 
organic layer on top of the aluminum. Variation of experimental parameters (especially laser energy) allowed the 
acquisition of high quality mass-to-charge spectra evincing small peaks and few heat tails. For these acquisitions, 
10/15-pJ laser energies were used as with higher laser energies the formation of heat tails caused the less signifi-
cant mass-to-charge signals to be entirely lost. Otherwise, all mass-to-charge spectra consistently demonstrated 
the same prominent peaks. A definite peak assignation was difficult as the different combinations of C, H, O and 
N chains possible from the protein allows many isobaric peak overlaps.

Our results hint to the potential complementarity of APT with regards to techniques such as cryo-TEM and 
NMR for the structure and conventional mass spectrometry for the composition. APT’s capacity to interrogate 
individual objects is unique, but comes with added uncertainties regarding spatial and compositional accuracy, 
partly due to the low count statistics, complex specimen shapes during field evaporation and associated ion tra-
jectories63, and the complex behaviour exhibited by molecular ions during their flight that can lead to their disso-
ciation into fragments including neutral species64,65.

Further work will consider the optimization of the parameters concerning specimen fabrication. Data mining 
techniques like hyperspectral analyses could also provide protein structure information. Different metals for the 
substrate will be trialled so as give better contrast with to ion’s evaporated from the deposited protein. In the next 
steps we try to identify metal ions coordinated by Aβ fibrils.

Figure 7. Mass spectrum of an APT measurement and assignment to ion types. (A) Mass-to-charge Spectrum 
for the experiment, showing different ion species in the sample in different colors. (B) Distribution of the 
individual ion species on the detector, top view and side view. From left to right: blue: Peak at 27 Da, Aluminium 
or C2H; orange: Peak at 29 Da could be CNH, CO or C2H3; green: Peak at 41 Da might be C3H2 or C2N.
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Methods
Protein. Amyloid-beta 1–42 (Aβ1-42) fibrils33 were provided by the research group of Dieter Willbold 
(Heinrich Heine University Düsseldorf, Germany; Forschungszentrum Jülich, Germany). They were recombi-
nantly expressed and contain 13C and 15N instead of 12C and 14N. The final protein solution contains about 1 mg/ml  
protein in 30% v/v acetonitrile (ACN), 0.1% (v/v) trifluoroacetic acid (TFA) in water.

APT specimen preparation. Supports for the protein sample were made from aluminum wires. These 
wires were electropolished, first with 20 v/v% nitric acid in methanol at 6 VDC and then with 2 v/v % perchloric 
acid in 2-butoxyethanol at 1–5 VDC. Consistent results was ensured by a final sharpening and inspection using 
a dual-beam field emission scanning microscope (SEM) with Xe-plasma focused-ion-beam (PFIB) (FEI Helios, 
Eindhoven). We did the final sharpening steps in the PFIB using an annular milling pattern with a inner diam-
eter of 150 nm using a beam current of 90 pA at a 16 kV ion accelerating voltage. All specimens had a diameter 
between 40–100 nm. Finally, an APT measurement of 1–2 million ions was performed (LEAP 5000 XS, laser 
pulsing at 125 kHz and with 15 pJ pulse energy, 50 K specimen temperature, detection rate 0.2% ions/pulse) to 
prepare a smooth surface, free from Xe-contamination. This ensured that each Al-specimen would run again 
when coated with protein.

Deposition of protein on Al-specimen. Aβ1–42 was deposited on each Al-specimen by slowly dipping in 
the protein solution. Initially, it was planned to deposit the protein by di-electrophoresis66 however we observed 
that deposition also took place without applying a specimen bias. After deposition, we dried our sample specimen 
in a desiccator for at least 36 h to avoid outgassing in the ultrahigh vacuum chamber of the APT microscope. 
Different deposition times of 2, 5 and 10 min were used, but there was no difference visible in APT measurements.

Atom probe tomography. APT measurements were performed on a LEAP 5000 XS microscope (Cameca 
Instruments, Madison, WI) in laser-pulsing mode.The instrument has a ultraviolet laser (UV-laser). The detector 
efficiency is 81%. We used a detection rate of 2 ions per 1000 pulses and specimens are maintained at 50 K in all 
experiments. Variable parameter values for pulse energy and pulse rate were used, clarified in the results section.

Reconstruction. APT is primarily a mass-spectrometry technique that also has 3D-reconstruction capa-
bilities. For the first step of reconstruction, IVAS 3.6.14 (Cameca Instruments, Madison, WI) was used. For 
time-of-flight calibrations, the mass-to-charge peaks at 1.00 Da (H), 13.5 Da (Al), 15.00 (N), 16.00 (O) and 
27.00 (Al) were used. For all reconstructions, IVAS default parameters were used. The spatial reconstruction of a 
field-of-view in X, Y and Z is possible through successive field evaporation of the surface ions67. In case of protein 
deposition, we are especially interested in a reconstruction of the organic surface areas. Organic materials are a 
challenge for reconstruction algorithms because of differences in the evaporation field in complex materials68–70. 
Therefore we used an approach which takes Z as a sequence number of events on the detector map, with no 
scaling applied to the depth. A so-called “image stack reconstruction” was formed using the extended position 
(EPOS) file exported from IVAS using only the singly-detected ions, these being the ions that could be confidently 
ranged.

References
 1. Riek, R. & Eisenberg, D. S. The activities of amyloids from a structural perspective. Nat. 539, 227–235, https://doi.org/10.1038/

nature20416 (2016).
 2. Selkoe, D. J. Folding proteins in fatal ways. Nat. 426, 900–904, https://doi.org/10.1038/nature02264 (2003).
 3. Knowles, T. P., Vendruscolo, M. & Dobson, C. M. The amyloid state and its association with protein misfolding diseases. Nat. Rev. 

Mol. Cell Biol. 15, 384–396, https://doi.org/10.1038/nrm3810 (2014).
 4. Jucker, M. & Walker, L. C. Self-propagation of pathogenic protein aggregates in neurodegenerative diseases. Nat. 501, 45–51, https://

doi.org/10.1038/nature12481 (2013).
 5. Chiti, F. & Dobson, C. M. Protein Misfolding, Functional Amyloid, and Human Disease. Annu. Rev. Biochem. 75, 333–366, https://

doi.org/10.1146/annurev.biochem.75.101304.123901 (2006).
 6. Selkoe, D. J. & Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Medicine 8, 595–608, https://doi.

org/10.15252/emmm.201606210 (2016).
 7. Walsh, D. M. & Selkoe, D. J. Aβ oligomers - A decade of discovery. J. Neurochem. 101, 1172–1184, https://doi.org/10.1111/j.1471-

4159.2006.04426.x (2007).
 8. Kang, J. et al. The precursor of Alzheimer’s disease amyloid A4 protein resembles a cell-surface receptor, https://doi.

org/10.1038/325733a0 (1987).
 9. Spires-Jones, T. L. & Hyman, B. T. The Intersection of Amyloid Beta and Tau at Synapses in Alzheimer’s Disease. Neuron 82, 

756–771, https://doi.org/10.1016/j.neuron.2014.05.004 (2014).
 10. Hardy, J. & Selkoe, D. J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road to Therapeutics. Sci. 

297, 353–356, https://doi.org/10.1126/science.1072994 (2002).
 11. Masters, C. L. et al. Amyloid plaque core protein in Alzheimer disease and Down syndrome. Proc. Natl. Acad. Sci. United States Am. 

82, 4245–9, https://doi.org/10.1073/pnas.82.12.4245 (1985).
 12. Glenner, G. G. & Wong, C. W. Alzheimer’s disease and Down’s syndrome: Sharing of a unique cerebrovascular amyloid fibril protein. 

Biochem. Biophys. Res. Commun. 122, 1131–1135, https://doi.org/10.1016/0006-291X(84)91209-9 (1984).
 13. Roher, A. E. et al. β-Amyloid-(1-42) is a major component of cerebrovascular amyloid deposits: implications for the pathology of 

Alzheimer disease. Proc. Natl. Acad. Sci. 90, 10836–10840, https://doi.org/10.1073/pnas.90.22.10836 (1993).
 14. Selkoe, D. J. Alzheimer’s Disease: A Central Role for Amyloid. J. or Neuropathol. Exp. Neurol. 53, 438–447 (1994).
 15. Iwatsubo, T. et al. Visualization of Aβ42(43) and Aβ 40 in senile plaques with end-specific Aβ monoclonals: evidence that an initially 

deposited species is Aβ42(43). Neuron 13, 45–53, https://doi.org/10.1016/0896-6273(94)90458-8 (1994).
 16. Gravina, S. A. et al. Amyloid β protein (Aβ) in Alzheimer’s disease brain: Biochemical and immunocytochemical analysis with 

antibodies specific for forms ending at Aβ40 or Aβ42(43), https://doi.org/10.1074/jbc.270.13.7013 (1995).
 17. Greenough, M. A., Camakaris, J. & Bush, A. I. Metal dyshomeostasis and oxidative stress in Alzheimer’s disease. Neurochem. Int. 62, 

540–555, https://doi.org/10.1016/j.neuint.2012.08.014 (2013).
 18. Bolognin, S. et al. Aluminum, copper, iron and zinc differentially alter amyloid-Aβ 1–42 aggregation and toxicity. Int. J. Biochem. 

Cell Biol. 43, 877–885, https://doi.org/10.1016/j.biocel.2011.02.009 (2011).

http://dx.doi.org/10.1038/nature20416
http://dx.doi.org/10.1038/nature20416
http://dx.doi.org/10.1038/nature02264
http://dx.doi.org/10.1038/nrm3810
http://dx.doi.org/10.1038/nature12481
http://dx.doi.org/10.1038/nature12481
http://dx.doi.org/10.1146/annurev.biochem.75.101304.123901
http://dx.doi.org/10.1146/annurev.biochem.75.101304.123901
http://dx.doi.org/10.15252/emmm.201606210
http://dx.doi.org/10.15252/emmm.201606210
http://dx.doi.org/10.1111/j.1471-4159.2006.04426.x
http://dx.doi.org/10.1111/j.1471-4159.2006.04426.x
http://dx.doi.org/10.1038/325733a0
http://dx.doi.org/10.1038/325733a0
http://dx.doi.org/10.1016/j.neuron.2014.05.004
http://dx.doi.org/10.1126/science.1072994
http://dx.doi.org/10.1073/pnas.82.12.4245
http://dx.doi.org/10.1016/0006-291X(84)91209-9
http://dx.doi.org/10.1073/pnas.90.22.10836
http://dx.doi.org/10.1016/0896-6273(94)90458-8
http://dx.doi.org/10.1074/jbc.270.13.7013
http://dx.doi.org/10.1016/j.neuint.2012.08.014
http://dx.doi.org/10.1016/j.biocel.2011.02.009


www.nature.com/scientificreports/

9Scientific REPORTS |         (2018) 8:17615  | DOI:10.1038/s41598-018-36110-y

 19. Linert, W. & Kozlowski, H. (eds) Metal Ions in Neurological Systems, 2012 editi edn. (Springer, 2012).
 20. Tycko, R. Progress towards a molecular-level structural understanding of amyloid fibrils. Curr. Opin. Struct. Biol. 14, 96–103, https://

doi.org/10.1016/j.sbi.2003.12.002 (2004).
 21. Ahmed, M. et al. Structural conversion of neurotoxic amyloid-β(1–42) oligmers to fibrils. Nat. Struct. & Mol. Biol. 17, 561–567, 

https://doi.org/10.1038/nsmb.1799.Structural (2010).
 22. Tycko, R. Solid State NMR Studies of Amyloid Fibril Structure. Annu. Rev. Phys. Chem. May, 279–299, https://doi.org/10.1146/

annurev-physchem-032210-103539.Solid (2011).
 23. Lopez Del Amo, J. M. et al. An asymmetric dimer as the basic subunit in Alzheimer’s disease amyloid β fibrils. Angewandte Chemie 

- Int. Ed. 51, 6136–6139, https://doi.org/10.1002/anie.201200965 (2012).
 24. Sch¨utz, A. K. et al. Atomic-resolution three-dimensional structure of amyloid b fibrils bearing the osaka mutation. Angewandte 

Chemie - Int. Ed. 54, 331–335, https://doi.org/10.1002/anie.201408598 (2015).
 25. Xiao, Y. et al. Aβ(1–42) fibril structure illuminates self-recognition and replication of amyloid in Alzheimer’s disease. Nat. Struct. 

Mol. Biol. 22, 499–505, https://doi.org/10.1038/nsmb.2991 (2015).
 26. Colvin, M. T. et al. Atomic Resolution Structure of Monomorphic Aβ(42) Amyloid Fibrils. J. Am. Chem. Soc. 138, 9663–9674, 

https://doi.org/10.1021/jacs.6b05129 (2016).
 27. Wälti, M. A. et al. Atomic-resolution structure of a disease-relevant Aβ(1–42) amyloid fibril. Proc. Natl. Acad. Sci. 113, E4976–E4984, 

https://doi.org/10.1073/pnas.1600749113 (2016).
 28. Olofsson, A., Lindhagen-Persson, M., Sauer-Eriksson, A. E. & Oehman, A. Amide solvent protection analysis demonstrates that 

amyloid-β(1–40) and amyloid-β(1–42) form different fibrillar structures under identical conditions. Biochem. J. 404, 63–70, https://
doi.org/10.1042/BJ20061561 (2007).

 29. Antzutkin, O. N., Leapman, R. D., Balbach, J. J. & Tycko, R. Supramolecular structural constraints on Alzheimer’s β-amyloid fibrils 
from electron microscopy and solid-state nuclear magnetic resonance. Biochem. 41, 15436–15450, https://doi.org/10.1021/
bi0204185 (2002).

 30. Lührs, T. et al. 3D structure of Alzheimer’s amyloid-β(1–42) fibrils. PNAS 102, 17342–17347 (2005).
 31. Zhang, R. et al. Interprotofilament interactions between Alzheimer’s Aβ1–42 peptides in amyloid fibrils revealed by cryoEM. Proc. 

Natl. Acad. Sci. United States Am. 106, 4653–4658, https://doi.org/10.1073/pnas.0901085106 (2009).
 32. Schmidt, M. et al. Peptide dimer structure in an Aβ(1–42) fibril visualized with cryo-EM. Proc. Natl. Acad. Sci. 112, 11858–11863, 

https://doi.org/10.1073/pnas.1503455112 (2015).
 33. Gremer, L. et al. Fibril structure of amyloid-β(1–42) by cryo – electron microscopy. Sci. 358, 116–119, https://doi.org/10.1126/

science.aao2825 (2017).
 34. Schmidt, M. et al. Comparison of Alzheimer Aβ(1–40) and Aβ(1–42) amyloid fibrils reveals similar protofilament structures. Proc. 

Natl. Acad. Sci. 106, 19813–19818, https://doi.org/10.1073/pnas.0905007106 (2009).
 35. Kirschner, D. A., Abraham, C. & Selkoe, D. J. X-ray diffraction from intraneuronal paired helical filaments and extraneuronal 

amyloid fibers in Alzheimer disease indicates cross-beta conformation. Proc. Natl. Acad. Sci. 83, 503–507 (1986).
 36. Sunde, M. et al. Common core structure of amyloid fibrils by synchrotron X-ray diffraction. J. Mol. Biol. 273, 729–739, https://doi.

org/10.1006/jmbi.1997.1348 (1997).
 37. Fändrich, M., Schmidt, M. & Grigorieff, N. Recent progress in understanding Alzheimer’s b-amyloid structures. Trends Biochem. Sci 

36, 338–345, https://doi.org/10.1016/j.tibs.2011.02.002.Recent (2011).
 38. Choi, P.-P. et al. Atom Probe Tomography of Compound Semiconductors for Photovoltaic and Light-Emitting Device Applications. 

Microsc. Today 20, 18–24, https://doi.org/10.1017/S1551929512000235 (2012).
 39. Gault, B., Moody, M. P., Cairney, J. M. & Ringer, S. P. Atom Probe Microscopy, vol. 160, https://doi.org/10.1007/978-1-4614-3436-8 

(Springer, New York, NY, 2012).
 40. Kelly, T. F. & Miller, M. K. Invited review article: Atom probe tomography. Rev. Sci. Instruments 78, https://doi.org/10.1063/1.2709758 

(2007).
 41. Seidman, D. N. Three-Dimensional Atom-Probe Tomography: Advances and Applications. Annu. Rev. Mater. Res. 37, 127–158, 

https://doi.org/10.1146/annurev.matsci.37.052506.084200 (2007).
 42. Miller, M. K. & Forbes, R. G. Atom probe tomography. Mater. Charact. 60, 461–469, https://doi.org/10.1016/j.matchar.2009.02.007 

(2009).
 43. Miller, M. K. & Forbes, R. G. Atom Probe Tomography and the Local Electrode Atom Probe (Springer, New York, NY, 2014).
 44. Devaraj, A. et al. Three-dimensional nanoscale characterisation of materials by atom probe tomography. Int. Mater. Rev. 63, 68–101, 

https://doi.org/10.1080/09506608.2016.1270728 (2018).
 45. Gordon, L. M. & Joester, D. Nanoscale chemical tomography of buried organicg-inorganic interfaces in the chiton tooth. Nat. 469, 

194–198, https://doi.org/10.1038/nature09686 (2011).
 46. Gordon, L. M., Tran, L. & Joester, D. Atom probe tomography of apatites and bone-type mineralized tissues. ACS Nano 6, 

10667–10675, https://doi.org/10.1021/nn3049957 (2012).
 47. Gordon, L. M. et al. Amorphous intergranular phases control the properties of rodent tooth enamel. Sci. 347, 746–750, https://doi.

org/10.1126/science.1258950 (2015).
 48. Gordon, L. M. & Joester, D. Mapping residual organics and carbonate at grain boundaries and the amorphous interphase in mouse 

incisor enamel. Front. Physiol. 6, 1–10, https://doi.org/10.3389/fphys.2015.00057 (2015).
 49. Branson, O. et al. Nanometer-Scale Chemistry of a Calcite Biomineralization Template: Implications for Skeletal Composition and 

Nucleation. Proc. Natl. Acad. Sci. 113, 12934–12939, https://doi.org/10.1073/pnas.1522864113 (2016).
 50. La Fontaine, A. et al. Atomic-scale compositional mapping reveals Mg-rich amorphous calcium phosphate in human dental enamel. 

Sci. Adv. 2, e1601145–e1601145, https://doi.org/10.1126/sciadv.1601145 (2016).
 51. Langelier, B., Wang, X. & Grandfield, K. Atomic scale chemical tomography of human bone. Sci. Reports 7, 1–9, https://doi.

org/10.1038/srep39958 (2017).
 52. Narayan, K., Prosa, T. J., Fu, J., Kelly, T. F. & Subramaniam, S. Chemical mapping of mammalian cells by atom probe tomography. J. 

Struct. Biol. 178, 98–107, https://doi.org/10.1016/j.jsb.2011.12.016 (2012).
 53. Adineh, V. R., Marceau, R. K., Velkov, T., Li, J. & Fu, J. Near-Atomic Three-Dimensional Mapping for Site-Specific Chemistry of 

‘Superbugs’. Nano Lett. 16, 7113–7120, https://doi.org/10.1021/acs.nanolett.6b03409 (2016).
 54. Panitz, J. A. & Giaever, I. Ferritin deposition on field-emitter tips. Ultramicroscopy 6, 3–6, https://doi.org/10.1016/S0304-

3991(81)80172-6 (1981).
 55. Panitz, J. A. Point-projection imaging of macromolecular contours. J. Microsc. 125, 3–23, https://doi.org/10.1111/j.1365-2818.1982.

tb00319.x (1982).
 56. Perea, D. E. et al. Atom probe tomographic mapping directly reveals the atomic distribution of phosphorus in resin embedded 

ferritin. Sci. Reports 6, 1–9, https://doi.org/10.1038/srep22321 (2016).
 57. Panitz, J. Direct visualization of unstained nucleic acids on a metal substrate. Ultramicroscopy 11, 161–166 (1983).
 58. Nishikawa, O., Taniguchi, M. & Ikai, A. Atomic level analysis of biomolecules by a scanning atom probe. Appl. Surf. Sci. journal 256, 

1210–1213, https://doi.org/10.1002/sia.3873 (2009).
 59. Prosa, T. J., Keeney, S. K. & Kelly, T. F. Atom probe tomography analysis of poly(3-alkylthiophene)s. J. Microsc. 237, 155–167, https://

doi.org/10.1111/j.1365-2818.2009.03320.x (2010).

http://dx.doi.org/10.1016/j.sbi.2003.12.002
http://dx.doi.org/10.1016/j.sbi.2003.12.002
http://dx.doi.org/10.1038/nsmb.1799.Structural
http://dx.doi.org/10.1146/annurev-physchem-032210-103539.Solid
http://dx.doi.org/10.1146/annurev-physchem-032210-103539.Solid
http://dx.doi.org/10.1002/anie.201200965
http://dx.doi.org/10.1002/anie.201408598
http://dx.doi.org/10.1038/nsmb.2991
http://dx.doi.org/10.1021/jacs.6b05129
http://dx.doi.org/10.1073/pnas.1600749113
http://dx.doi.org/10.1042/BJ20061561
http://dx.doi.org/10.1042/BJ20061561
http://dx.doi.org/10.1021/bi0204185
http://dx.doi.org/10.1021/bi0204185
http://dx.doi.org/10.1073/pnas.0901085106
http://dx.doi.org/10.1073/pnas.1503455112
http://dx.doi.org/10.1126/science.aao2825
http://dx.doi.org/10.1126/science.aao2825
http://dx.doi.org/10.1073/pnas.0905007106
http://dx.doi.org/10.1006/jmbi.1997.1348
http://dx.doi.org/10.1006/jmbi.1997.1348
http://dx.doi.org/10.1016/j.tibs.2011.02.002.Recent
http://dx.doi.org/10.1017/S1551929512000235
http://dx.doi.org/10.1007/978-1-4614-3436-8
http://dx.doi.org/10.1063/1.2709758
http://dx.doi.org/10.1146/annurev.matsci.37.052506.084200
http://dx.doi.org/10.1016/j.matchar.2009.02.007
http://dx.doi.org/10.1080/09506608.2016.1270728
http://dx.doi.org/10.1038/nature09686
http://dx.doi.org/10.1021/nn3049957
http://dx.doi.org/10.1126/science.1258950
http://dx.doi.org/10.1126/science.1258950
http://dx.doi.org/10.3389/fphys.2015.00057
http://dx.doi.org/10.1073/pnas.1522864113
http://dx.doi.org/10.1126/sciadv.1601145
http://dx.doi.org/10.1038/srep39958
http://dx.doi.org/10.1038/srep39958
http://dx.doi.org/10.1016/j.jsb.2011.12.016
http://dx.doi.org/10.1021/acs.nanolett.6b03409
http://dx.doi.org/10.1016/S0304-3991(81)80172-6
http://dx.doi.org/10.1016/S0304-3991(81)80172-6
http://dx.doi.org/10.1111/j.1365-2818.1982.tb00319.x
http://dx.doi.org/10.1111/j.1365-2818.1982.tb00319.x
http://dx.doi.org/10.1038/srep22321
http://dx.doi.org/10.1002/sia.3873
http://dx.doi.org/10.1111/j.1365-2818.2009.03320.x
http://dx.doi.org/10.1111/j.1365-2818.2009.03320.x


www.nature.com/scientificreports/

1 0Scientific REPORTS |         (2018) 8:17615  | DOI:10.1038/s41598-018-36110-y

 60. Nishikawa, O. & Taniguchi, M. Toward the Atomic-Level Mass Analysis of Biomolecules by the Scanning Atom Probe. Microsc. 
Microanal. 23, 336–339, https://doi.org/10.1017/S1431927616012551 (2017).

 61. Tang, F. et al. Optimization of pulsed laser atom probe (PLAP) for the analysis of nanocomposite Ti–Si–N films. Ultramicroscopy 
110, 836–843, https://doi.org/10.1016/j.ultramic.2010.03.003 (2010).

 62. Saxey, D. W. Correlated ion analysis and the interpretation of atom probe mass spectra. Ultramicroscopy 111, 473–479, https://doi.
org/10.1016/j.ultramic.2010.11.021 (2011).

 63. Larson, D. J., Gault, B., Geiser, B. P., De Geuser, F. & Vurpillot, F. Atom probe tomography spatial reconstruction: Status and 
directions. Curr. Opin. Solid State Mater. Sci. 17, 236–247 (2013).

 64. Zanuttini, D. et al. Simulation of field-induced molecular dissociation in atom-probe tomography: Identification of a neutral 
emission channel. Phys. Rev. A 95, 061401 (2017).

 65. Gault, B. et al. Behavior of molecules and molecular ions near a field emitter. New J. Phys. 18, 033031 (2016).
 66. Felfer, P. et al. New approaches to nanoparticle sample fabrication for atom probe tomography. Ultramicroscopy 159, 413–419, 

https://doi.org/10.1016/j.ultramic.2015.04.014 (2015).
 67. Bas, P., Bostel, A., Deconihout, B. & Blavette, D. A general protocol for the reconstruction of 3D atom probe data. Appl. Surf. Sci. 

87–88, 298–304, https://doi.org/10.1016/0169-4332(94)00561-3 (1995).
 68. Vurpillot, F., Cerezo, A., Blavette, D. & Larson, D. J. Modeling Image Distortions in 3DAP. Microsc. microanalysis 10, 384–390 

(2004).
 69. Vurpillot, F., Larson, D. & Cerezo, A. Improvement of multilayer analyses with a three-dimensional atom probe. Surf. Interface 

Analysis 36, 552–558, https://doi.org/10.1002/sia.1697 (2004).
 70. Gault, B. et al. Atom probe tomography and transmission electron microscopy characterisation of precipitation in an Al-Cu-Li-Mg-

Ag alloy. Ultramicroscopy 111, 683–689, https://doi.org/10.1016/j.ultramic.2010.12.004 (2011).

Acknowledgements
Our project to develop new applications for atom probe tomography was funded by the Volkswagen Stiftung 
through the “Experiment” scheme under the grant number 92329. LTS and BG are grateful for the funding 
received from the ERC-SHINE-771602. We also want to thank Uwe Tezins and Andreas Sturm for help with all 
issues concerning the instruments. The Bundesministerium fuer Bildung und Forschung is acknowledged for the 
funding of the UGSLIT project and the Max-Planck Gesellschaft for the funding of the Laplace Project, without 
this infrastructure this project would not have been possible.

Author Contributions
K.A.K.R., D.R., D.W. and B.G. conceived the experiment(s), K.A.K.R., L.T.S., A.S. and L.G. conducted the 
experiment(s), K.A.K.R., L.T.S. and B.G. analysed the results. All authors discussed and reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1017/S1431927616012551
http://dx.doi.org/10.1016/j.ultramic.2010.03.003
http://dx.doi.org/10.1016/j.ultramic.2010.11.021
http://dx.doi.org/10.1016/j.ultramic.2010.11.021
http://dx.doi.org/10.1016/j.ultramic.2015.04.014
http://dx.doi.org/10.1016/0169-4332(94)00561-3
http://dx.doi.org/10.1002/sia.1697
http://dx.doi.org/10.1016/j.ultramic.2010.12.004
http://creativecommons.org/licenses/by/4.0/

	A near atomic-scale view at the composition of amyloid-beta fibrils by atom probe tomography
	Results and Discussion
	Specimen Preparation. 
	Optimization of sample preparation. 
	APT measurement. 
	APT mass spectrum analysis. 
	Image stack used as 3D-reconstruction. 

	Conclusions
	Methods
	Protein. 
	APT specimen preparation. 
	Deposition of protein on Al-specimen. 
	Atom probe tomography. 
	Reconstruction. 

	Acknowledgements
	Figure 1 Sample preparation.
	Figure 2 Mass-to-charge Spectra of Al-specimen with Xenon.
	Figure 3 Influence of different pulse energies on mass-to-charge-ratio.
	Figure 4 Influence of different pulse rates on mass-to-charge-ratio.
	Figure 5 Correlation histograms.
	Figure 6 Difference between organic and inorganic parts of the specimen.
	Figure 7 Mass spectrum of an APT measurement and assignment to ion types.
	Table 1 Possible overlaps in ion identity in mass-spectra-gained gained from protein deposited on Al-specimen.




