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SUMMARY: 27 
We describe the application of infrared nanospectroscopy and high-resolution atomic force 28 
microscopy to visualize the process of protein self-assembly into oligomeric aggregates and 29 
amyloid fibrils, which is closely associated with the onset and development of a wide range of 30 
human neurodegenerative disorders. 31 
 32 
ABSTRACT:  33 
The phenomenon of protein misfolding and aggregation results in the formation of highly 34 
heterogeneous protein aggregates, which are associated with neurodegenerative conditions 35 
such as Alzheimer’s and Parkinson’s diseases. In particular low molecular weight aggregates, 36 
amyloid oligomers, have been shown to possess generic cytotoxic properties and are implicated 37 
as neurotoxins in many forms of dementia. We illustrate the use of methods based on atomic 38 
force microscopy (AFM) to address the challenging task of characterizing the morphological, 39 
structural and chemical properties of these aggregates, which are difficult to study using 40 
conventional structural methods or bulk biophysical methods because of their heterogeneity and 41 
transient nature. Scanning probe microscopy approaches are now capable of investigating the 42 
morphology of amyloid aggregates with sub-nanometer resolution. We show here that infrared 43 
(IR) nanospectroscopy (AFM-IR), which simultaneously exploits the high resolution of AFM and 44 
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the chemical recognition power of IR spectroscopy, can go further and enable the 45 
characterization of the structural properties of individual protein aggregates, and thus offer 46 
insights into the aggregation mechanisms. Since the approach that we describe can be applied 47 
also to the investigations of the interactions of protein assemblies with small molecules and 48 
antibodies, it can deliver fundamental information to develop new therapeutic compounds to 49 
diagnose or treat neurodegenerative disorders.  50 
 51 
INTRODUCTION:  52 
Over 40 million people worldwide are currently affected by neurodegenerative disorders, such 53 
as Alzheimer’s (AD)1 and Parkinson’s (PD)2 diseases. More generally, more than fifty pathologies 54 
are associated at the molecular level with protein misfolding and aggregation, a process that 55 
leads to the proliferation of insoluble fibrillar protein aggregates, known as amyloid deposits3,4. 56 
The molecular origins of neurodegeneration and its links with protein conformational changes of 57 
proteins leading to amyloid formation, however, remain unclear, in large part because of the high 58 
level of heterogeneity, transient nature and nanoscale dimensions of the pathological 59 
aggregates4,5. 60 
 61 
Highly successful investigations of protein structures in the last several decades have been based 62 
widely on the use of bulk methods, including X-ray crystallography, cryo-electron microscopy and 63 
nuclear magnetic resonance spectroscopy5–9. Within this class of techniques, infrared (IR) 64 
spectroscopy has emerged as a sensitive analytical tool to unravel the chemical properties of 65 
biological systems such as proteins8. IR methods allow the quantification of protein secondary 66 
and quaternary structural changes during their misfolding and aggregation. In addition, in order 67 
to further decipher at the microscopic level the mechanistic details involved in the complex free 68 
energy landscapes of protein during their aggregation, a major advance has been the 69 
development of chemical kinetics tools to extend to complex self-assembly pathways including 70 
amyloid fibrils formation5–7,10–12. However, bulk spectroscopic methods provide only average 71 
information on the heterogeneous ensemble of species present in solution or involved in specific 72 
microscopic steps, thus rendering the investigation of the biophysical properties of individual 73 
aggregated species challenging at the nanoscale level13,14. 74 
 75 
Several microscopy techniques with the capability of operating on scales smaller than the 76 
diffraction limit of light have emerged in the last decades. This class of methods includes electron 77 
microscopy (EM) and atomic force microscopy (AFM). While scanning electron microscopy (SEM) 78 
and transmission electron microscopy (TEM) provide two-dimensional (2D) images of a 79 
specimen, AFM has emerged in the last decades as a powerful and versatile technique to study 80 
three-dimensional (3D) morphologies, as well as the nanomechanical properties of a sample with 81 
sub-nanometer resolution13–27. The rationale behind studying protein aggregation via AFM is that 82 
this approach enables the investigation of the morphology of individual species present in 83 
solution13,14,16,17,19–21,25,27–37. In particular, by monitoring the sample as a function of time, AFM 84 
allows the investigation of the evolution of the morphology of the species within the sample, 85 
which makes it possible to follow and visualize the pathways of amyloid formation23,25,38–42. 86 
Furthermore, AFM enables the quantification of structural parameters such as cross-sectional 87 
heights and lengths of the individual species present in solution13,19,30–37,40,43–48. However, the 88 



study of a single biophysical property, such as morphology, is often not sufficient when studying 89 
heterogeneous and complex biological systems. AFM, SEM or TEM imaging methods alone do 90 
not readily reveal the chemical properties of heterogeneous species of amyloid aggregates at the 91 
nanoscale. 92 
 93 
A major advance for the analysis of heterogeneous biological samples at this scale has been made 94 
recently with the development and application to the field of protein aggregation of infrared 95 
nanospectroscopy (AFM-IR)24,26,38,42,49–52. This innovative method exploits the combination of the 96 
spatial resolution of AFM (~1−10 nm) with the chemical analysis power of IR. The AFM-IR 97 
technique is based on the measurement of the photothermal induced resonance effect driven by 98 
an IR laser, and on the measurement of the thermal expansion of the sample under investigation 99 
by the AFM tip. The sample can be illuminated by the IR laser directly from the top or from the 100 
bottom in total internal reflection, similarly as in conventional infrared spectroscopy24,42,52,53. The 101 
IR laser can be pulsed with typical frequencies in the order of hundreds of kilohertz (1−1000 kHz) 102 
and tuned over a wide spectral range, typically between 1000−3300 cm-1. Although the laser 103 
source covers an area of ~30 µm diameter, the spatial resolution of the AFM-IR technique is 104 
determined nominally by the AFM tip diameter, which detects the local thermal expansion of the 105 
system. AFM-IR is well suited to study biological samples because the IR signal is proportional to 106 
their thickness up to 1−1.5 µm, and the resulting IR spectra are generally in agreement with the 107 
corresponding FTIR transmission spectra13,54,55. For this reason, established methods of analysis 108 
in spectroscopy can be readily applied, such as the study of chemical shifts, band shape change 109 
and de-convolution by second derivatives analysis52. Overall, combining the spatial resolution of 110 
AFM with the chemical recognition power of IR spectroscopy, AFM-IR enables the simultaneous 111 
acquisition of a wide range of morphological, mechanical and chemical properties of a sample at 112 
the nanoscale. 113 
 114 
Here, we illustrate a protocol for the characterization of the process of protein aggregation that 115 
exploits the combination of in vitro fluorescence assays, high-resolution AFM imaging and 116 
nanoscale AFM-IR. This combined approach has already excelled in providing detailed results in 117 
studying the chemical and structural properties of individual micro-droplets formed by protein 118 
aggregates, in the study of liquid-liquid protein phase separation, and in investigating the 119 
heterogeneity and biophysical properties of individual aggregated species at the 120 
nanoscale23,26,38,45,50,53,56,57. 121 
 122 
PROTOCOL:  123 
 124 
1. Aggregation assays on fluorescence plate readers 125 
 126 
NOTE: The protocol described here is an example of how to study the aggregation of any protein 127 
or peptide by chemical kinetics. In particular, it describes an optimized protocol to study the 128 
aggregation of the Aβ42 peptide, which is involved in the onset and progression of Alzheimer’s 129 
disease58,59. A similar protocol can be adjusted and adopted towards studying the aggregation of 130 
any protein or peptide. 131 
 132 



1.1. Obtain a highly pure monomeric solution of Aβ42 through ion-exchange and size-exclusion 133 
chromatography techniques to distinguish protein fractions containing Aβ42, and to isolate the 134 
monomeric fraction from other aggregated forms of Aβ42 obtained58,59. 135 
 136 
1.2. Dilute the Aβ42 peptide in 20 mM sodium phosphate buffer, 200 µM EDTA at pH 8.058 to a 137 
desired final concentration ranging between 1−5 µM, in 1.5 mL low-bind tubes. Samples collected 138 
for AFM measurements should not contain the fluorescent dye used in the aggregation assay 139 
(thioflavin T, ThT), as it might introduce artefacts during sample deposition for AFM analysis. 140 
Thus, prepare triplicates of two identical solutions: i) the first containing monomeric Aβ42 to 141 
follow the process of aggregation by AFM; ii) the second containing the Aβ42 monomeric with 142 
addition of 20 µM ThT as a tracer to monitor the kinetics of aggregation. 143 
 144 
NOTE: It is important to perform steps 1.1 and 1.2 on ice. This procedure is to ensure that the 145 
monomeric Aβ42 solution does not aggregate until initiated in the plate reader. When handling 146 
samples, careful pipetting is essential to avoid the introduction of any air bubbles that may affect 147 
the protein sample. 148 
 149 
1.3. Pipette 80 µL of each sample in each well of a 96-well, half-area plate of black polystyrene 150 
with clear bottom and nonbinding surfaces. 151 
 152 
1.4. Seal the plate with a foil to minimize the evaporation of the sample over the course of the 153 
aggregation. 154 
 155 
1.5. Equilibrate the temperature of the plate reader to 37 °C. 156 
  157 
1.6. Set up the aggregation protocol to read fluorescence measurements at fixed time-point 158 
intervals, at an excitation wavelength of 440 nm and an emission wavelength of 480 nm. The 159 
aggregation should be initiated in quiescent conditions. 160 
 161 
1.7. Insert the plate into the plate reader. 162 
 163 
NOTE: It is important to be careful while handling the plate, to ensure that the aggregation is not 164 
triggered prior to starting the plate reader. Use the gain adjustment settings to ensure the 165 
optimal readout of the fluorescence of each sample. 166 
 167 
1.8. Start the measurement. 168 
 169 
NOTE: The aggregation experiment is concluded when the ThT fluorescence sigmoidal curve 170 
reaches a plateau58. 171 
 172 
2. Sample preparation for AFM and nano-IR measurements 173 
 174 
2.1. Glue highest quality grade V1 mica disc to high quality magnetic stainless-steel disc using 175 
adhesive tabs or double-sided tape. 176 



 177 
2.2. Etch mica by placing a piece of adhesive tape onto the mica surface and pulling off the top 178 
layer of the mica. This procedure will produce clean, atomically flat surface, suitable for sample 179 
deposition.  180 
 181 
NOTE: Etched surface must be uniform and smooth. 182 
 183 
CAUTION: Do not touch or breathe directly above freshly etched mica, as this will introduce 184 
artefacts. 185 
 186 
2.3. Pause/stop the plate reader measurement to collect the time point of interest during the 187 
aggregation process of the protein. 188 
 189 
2.4. Remove the sealing foil and collect 10 µL aliquot of the samples without ThT from the well 190 
into a 1.5 mL low-bind tubes. 191 
 192 
2.5. Deposit the 10 µL of the sample on the freshly etched mica. For AFM-IR measurements 193 
samples must be deposited on freshly stripped gold substrate. 194 
 195 
2.6. Incubate the solution on the mica for 1 min to allow physisorbtion. 196 
 197 
NOTE: Longer incubation time would allow better absorption on the surface but may induce 198 
artificial self-organization and self-assembly25. To avoid these effects, spray deposition may be 199 
exploited25. 200 
 201 
2.7. Rinse three times with 1 mL of ultrapure water. 202 
 203 
2.8. Dry under a gentle flow of nitrogen to measure the sample in air environment. 204 
 205 
3. AFM imaging of the morphology of protein aggregates 206 
 207 
NOTE: Morphology measurements can be performed both in contact and dynamic mode, in the 208 
following steps the latter is described since it reduces lateral forces to measure the 3D 209 
morphology of the sample with high resolution. AFM-IR measurements will be performed in 210 
contact mode to enhance AFM-IR signal-to-noise ratio. 211 
 212 
3.1. Turn on the AFM system at least 30 min before the measurements in order to enable the 213 
system to reach thermal stability. Click on Setup, then on Probe. In Probe Change window click 214 
on Next to prepare Z, Focus Stage. 215 
 216 
3.2. Turn off the AFM beam switch (if it is on). Unlock the dovetail locks, disconnect the head 217 
from the system and in Probe Change window click on Next. 218 
 219 
3.3. Mount the AFM cantilever on the probe holder. Connect the head to the system and lock the 220 



dovetail locks. 221 
 222 
NOTE: Optimal cantilevers to study biological samples in dynamic mode AFM have spring 223 
constant ranging between 2−40 N m-1 and an apex radii ranging between 2−8 nm14. 224 
 225 
3.4. Turn on the AFM laser beam switch and in Probe Change window click on Next. 226 
 227 
3.5. In the pop-up window click on No if the cantilever type did not change. Adjust optical 228 
alignment knobs to find the cantilever. Adjust focus onto cantilever and click on Next. 229 
 230 
3.6. In the pop-up window click on Yes if the focus is on the cantilever. 231 
 232 
3.7. Position the laser beam at the end of the cantilever using the knobs controlling position of 233 
the detection laser. Maximize the total signal measured by the four-quadrant photodiode to at 234 
least >1 V using the knobs controlling the position of the deflected laser beam on the position 235 
sensitive photodiode (PSPD). In Probe Change window click on Next and then on Close. 236 
 237 
3.8. Wait 15 min for the cantilever to reach thermal stability. Readjust the position of the 238 
deflected laser beam on the PSPD if necessary. 239 
 240 
3.9. Click on NCM SWEEP, choose desired amplitude of oscillation, click on Use Phase, click on 241 
auto and tune the cantilever close to the maximum of its first free resonance of oscillation, which 242 
is of approximately 300 kHz for a cantilever with a spring constant of 40 N m-1. 243 
 244 
NOTE: Tuning the cantilever out of the maximum of its free resonance assures higher stability of 245 
the measurements14. 246 
 247 
3.10. Place the sample on the sample holder. Choose suitable imaging parameters. Typical 248 
scanning rate is 0.3−1.0 Hz for a scan area of 1 x 1 µm2 to 5 x 5 µm2. Typical resolution needed is 249 
between 256 x 256 and 1024 x 1024 pixels. Click on Scan Area to choose the scan size and the 250 
pixel number. 251 
 252 
3.11. Focus the optical view on the sample. Click on Approach to approach the sample surface. 253 
Once approach is completed click on Lift 100 µm to rise the AFM tip 100 µm above the surface 254 
of the sample. Click Expand on the optical image of the sample. Click on the Focus Stage bar to 255 
focus the view on the surface of the sample. 256 
 257 
3.12. Use the arrows to move in the region of the sample of interest. Engage the surface by 258 
pressing Approach button. Click on Line Scan button, and check if the tip is following the surface 259 
well, if necessary, adjust the Set Point. 260 
 261 
3.13. Start imaging the sample surface by pressing Scan button. During imaging, to avoid large 262 
imaging force and keep consistency of within independent samples, maintain a constant regime 263 
of phase change not exceeding Δ20°42. 264 



 265 
3.14. Enter file name and choose base directory where the acquired image will be saved.  266 
 267 
4. Infrared nanospectroscopy measurements of protein aggregates 268 
 269 
4.1. Turn on the AFM-IR system and the infrared (IR) laser60 30−60 min before measurements for 270 
thermal stabilization. Typical lasers for AFM-IR instruments are optical parameter oscillators 271 
(OPO) and quantum cascade lasers (QCL). 272 
 273 
4.2. Open the built-in software to control the instrument. Click on file and then on new to open 274 
a new nanoIR file. Press the button initialise to start the AFM-IR system. 275 
 276 
4.3. Open the instrument cover and mount on the AFM-IR system a silicon gold coated probe 277 
with a nominal radius of 30 nm and a spring constant of 0.2 N/m to measure the sample in contact 278 
mode. 279 
 280 
4.4. Click on Load in the section AFM probe and then next. In focus on probe section click on the 281 
arrows to focus the camera on the cantilever. In the section sample XY movement, use the 282 
arrows to place the cross-air at the end of the cantilever. 283 
  284 
4.5. Rotate the knobs controlling the position of the detection laser to position laser at the end 285 
of the cantilever. Rotate the laser knobs to detect and maximize the sum measured by the four-286 
quadrant photodiode to a value >3 V. Rotate the deflection knob to adjust the cantilever 287 
deflection to -1 V and then click next. Close the cover of the instrument. 288 
 289 
4.6. In the section focus on sample use the arrows to focus the camera on the sample. Then, in 290 
the section sample XY movement use the arrows to move in the region of interest of the sample 291 
and click on approach and engage. 292 
 293 
4.7. In the microscope window select as inputs the channels of interest to map the biophysical 294 
properties of the sample. In particular, choose height for morphology, Amplitude 2 for IR 295 
absorption and PLL frequency to map tip-sample contact resonance. 296 
 297 
4.8. In the AFM scan section of the controls window, use similar parameters as in section 3 (i.e., 298 
scan rate 0.1−1.0 Hz, between 256 x 256 and 1024 x 1024 pixels). Choose as value of the gains 299 
according to sample roughness: integral I = 1−10 and proportional P = 10−30. Then, click on scan 300 
to acquire a morphology map. 301 
 302 
NOTE: The morphology can be similarly measured in the dynamic tapping mode, but AFM-IR 303 
measurements are performed here in the contact mode to have higher signal to noise ratios. 304 
 305 
4.9. After the mapping of morphology is finished, in the microscope window, click on the height 306 
map to position the probe on the top of one aggregate. Then in the nanoIR section of the controls 307 
window, click on start IR to illuminate the sample with the IR laser. 308 



 309 
4.10. To focus the infrared laser on the cantilever, click on optimisation. In this window, write a 310 
wavenumber where the sample is going to have high absorbance and click add. For protein, a 311 
typical value is 1655 cm-1. Click on scan to find the IR laser position and click on update to align 312 
its position with the cantilever. Close the window. 313 
 314 
4.11. In the section general of the nanoIR setting, write a wavenumber where high absorbance 315 
in the relative field is expected. Then, deactivate the Band Pass Filter option and look at the 316 
meter reading and at the fast Fourier transform (FFT) of the cantilever response. In the FFT 317 
window move the green cursor to read the resonance frequency of the cantilever. A typical value 318 
of the FFT of the resonance of the cantilevers is around 300 kHz. Write this resonance frequency 319 
value in the general section in the freq. centre field and use a freq. window of 50 kHz. 320 
 321 
NOTE: Select a laser power that is low enough to not saturate the meter reading and to have 322 
distortion in the cantilever response and to not overheat the sample. 323 
 324 
4.12. Click on laser pulse tune window to use the resonance enhanced mode. Choose a 325 
frequency centre of 300 kHz, a tune range of 50 kHz and a duty cycle of the laser of 5%. Click on 326 
acquire to sweep the pulse rate of the laser. By using the cursor in the graph, tune the laser pulse 327 
to the frequency of the mechanical response of the thermal expansion of the sample absorbing 328 
the IR light. Then, select the option PLL to monitor the contact resonance between the sample 329 
and the tip. Press the zero button in the PLL window and tick enable to track the sample-tip 330 
contact resonance. Choose an integral gain I = 0.5 and proportional gain P = 10. Close the window. 331 
 332 
4.13. Open again the optimisation window and find the position of the IR laser for at least 3 333 
wavenumbers corresponding to major absorbance bands of the sample (amide band I-II-III) and 334 
for at least one wavenumber for each chip of the laser. 335 
 336 
4.14. Click on Tools | IR Background Calibration | New. In the window select the spectroscopic 337 
region of interest (1800−1200 cm-1 to study protein samples); choose the same pulse rate as 338 
determined in step 4.12 and a duty cycle of 5%; click on fast acquisition and select the laser speed, 339 
typical range for a quantum cascade laser is between 20−500 cm-1. Click on acquire to measure 340 
the IR laser background. This background spectrum will be used for normalization of measured 341 
nanoscale localized spectra. Close the window. 342 
 343 
NOTE: If a fast laser and resonance enhanced mode is not available, skip step 4.12 and select 344 
stepped spectra instead of fast in both the background and IR spectra acquisition windows. 345 
However, single aggregate sensitivity will not be reached. 346 
 347 
4.15. In the IR spectra settings, choose an IR spectrum resolution between 1−4 cm-1 and a 348 
number of co-averages of at least 64x. Click on acquire to measure a nanoscale localized IR 349 
spectrum in the protein range (1800−1200 cm-1). 350 
 351 
4.16. To acquire a nanoscale resolved chemical map, select IR imaging option, choose a 352 



wavenumber of interest (e.g., 1655 cm-1 for amide band I) and click on scan in the AFM scan 353 
window. 354 
 355 
4.17. Once the mapping is completed, go to file and save the measurements. To analyze the 356 
acquired maps of morphology, contact-resonance and chemistry, as well as the nanoscale 357 
localized spectra, use the built-in AFM image processing software. Spectra and Images can be 358 
saved as .csv or .axz files for further detailed analysis with commercial software. 359 
 360 
5. Image processing and analysis of cross-sectional dimensions 361 
 362 
5.1. Flatten raw images14,17,19,41,42,59 using built-in AFM image processing software or commercial 363 
software. 364 
 365 
NOTE: The aggregates should be masked from the calculation to avoid artefacts of analysis and 366 
underestimation of their measured height. 367 
 368 
5.2. Flatten the image by 0 order plane fit subtraction.  369 
 370 
5.3. Flatten the image by plane and then line by line at a 1st regression order, the second step is 371 
repeated until the flat baseline in line profile of the image is reached.  372 
 373 
5.4. If the sample is very crowded, contains exceptionally high aggregates or scanner bow 374 
artefact is present, flatten image using 2nd regression order fit. 375 
 376 
5.5. Measure aggregate height and width from a line profile taken perpendicular to the fibril 377 
axis14,17,19,41,42,59. 378 
 379 
5.6. Measure fibril length parallel to the fibril axis14,17,19,41,42,59. 380 
 381 
REPRESENTATIVE RESULTS:  382 
A representative time course of Aβ42 aggregation, as measured by the ThT fluorescence assay, 383 
is shown in Figure 1. The aggregation process is commonly characterized by a sigmoidal curve, 384 
where a lag phase is initially observed, and is followed by a steep growth phase, before the curve 385 
reaches a plateau when an equilibrium steady state is reached6,7,58. It is essential to ensure that 386 
an optimized aggregation protocol is used to generate high-quality data to study the molecular 387 
details pertaining to aggregation processes58.  388 
 389 
High resolution of AFM enables to investigate the morphology and heterogeneity of the 390 
aggregated species at different time points of the process. During the aggregation, monitored by 391 
the ThT assay, aliquots of the sample in the plates are prepared for single aggregate investigation 392 
by AFM and nano-IR (Figure 1). The typical process flow of manual sample preparation is shown 393 
in Figure 2. At the completion of the measurement of the 3D morphology of the sample by high 394 
resolution and phase-controlled AFM, the maps are flattened to remove non-linearity of the 395 
piezoelectric scanner and reduce sources of error in post-processing analysis of sample 396 



morphology (Figure 3). Subsequently, an accurate and sensitive single molecule statistical 397 
analysis can be performed, as shown in Figure 4. From a 3D morphology map, it is possible to 398 
extract aggregate cross-sectional height, width and length (or diameter in case of spheroidal 399 
particles), which allows to distinguish and characterize distinct species of aggregates present 400 
during the aggregation time course23,38. Typical time points of interest to investigate the process 401 
of aggregation are the lag phase, the growth phase and the plateau phase (Figure 1). During the 402 
lag phase, monomeric and oligomeric species of Aβ42 are primarily present. When visualized by 403 
AFM, monomeric and oligomeric species of Aβ42 typically appear as spheroidal particles 1−15 404 
nm in diameter and 0.3−2 nm in height (Figure 1, bottom left)38,39. Formation of elongated 405 
protofilaments, protofibrils and fibrils is visible during the growth phase of Aβ42 aggregation time 406 
course (Figure 1, bottom middle)38,39. Typically, protofilaments appear as elongated features 407 
hundreds of nanometers in length and 0.5−2 nm in height, while protofibrils appear as elongated 408 
linear or curvilinear aggregates 1−5 nm in height and hundreds of nanometers in length38,39. 409 
During the plateau phase, fibrils are the dominant species of Aβ42 aggregates. Aβ42 fibrils 410 
typically appear as unbranched, thread-like structures, with a cross-sectional diameter of 6−10 411 
nm and length in the order if micrometers (Figure 3, bottom right)38,39. Remarkably, this 412 
schematic representation of the morphological properties of the aggregates is a general feature 413 
of most aggregating proteins and peptides13,14. 414 
 415 
After the investigation of the sample morphology, nano-IR can be used to investigate the 416 
chemical properties of the individual protein aggregate species present during the process of 417 
aggregation, by acquiring nanoscale-resolved IR maps and spectra both in air and native liquid 418 
environment24,26,38,42,49–52. Figure 5 shows a schematic illustration of the AFM-IR setup. An IR 419 
source is used to illuminate the sample from the bottom in total internal reflection or directly 420 
from the top as in Figure 5a. If the IR light is absorbed by the sample, it will excite the 421 
corresponding molecular vibrational energy transition levels of the species present. The 422 
vibrational energy is dissipated inside the sample in the form of thermal heating, which causes 423 
the thermal expansion of the sample. This expansion is measured at the nanoscale by the AFM 424 
tip in contact with the sample with a resolution in the order of 10 nm. At each pulse, the 425 
cantilever detects the thermal expansion. In particular, the fast expansion of the sample kicks out 426 
the cantilever from contact with the sample, and after the kick out the cantilever rings down at 427 
its natural frequencies. In order to enhance the sensitivity of AFM-IR, it is possible to tune the 428 
laser pulse frequency at the same frequency of the oscillation of the cantilever54. In order to work 429 
in this resonance-enhanced mode, it is necessary to have IR sources that can be pulsed in a wide 430 
range of frequencies, such as quantum cascade lasers that operate typically in a range between 431 
1−1000 kHz. The peak-to-peak amplitude and the fast Fourier transform of the ringdown signal, 432 
termed IR amplitude, of the raw cantilever deflection are proportional to the IR light absorbed. 433 
These signals are detected in real time by measuring the deflection of a red laser focused on the 434 
top of the cantilever. In order to acquire chemical maps, the laser wavenumber is fixed at a 435 
certain wavenumber and the IR amplitude signal is collected at each point of the map, while, to 436 
acquire IR spectra, the position of the cantilever is fixed in a position of interest and the laser 437 
wavelength is swept along the spectroscopic range of interest. The ultimate resolution of AFM-438 
IR enables the measurement of the chemical properties of protein aggregates with a cross-439 
sectional height of approximately 5 nm, as represented in Figure 6. 440 



 441 
FIGURE LEGENDS: 442 
 443 
Figure 1: Monitoring of the aggregation time course in vitro via ThT fluorescence and AFM. 444 
Samples taken during the lag phase, growth phase, and plateau phase of the aggregation process 445 
as detected by ThT fluorescence were imaged via high-resolution AFM. This figure has been 446 
adapted from Ruggeri et al.38. 447 
 448 
Figure 2: Schematic representation of the substrate preparation and sample deposition for 449 
AFM measurements. (A, B) Mica etching using adhesive tape. (C) Sample deposition. (D) Sample 450 
incubation. (E) Sample rinsing with ultrapure water. (F) Sample drying under gentle flow of 451 
nitrogen. (G) Sample imaging using microfabricated AFM cantilever with sharp tip on its end. (H) 452 
Processed image of amyloid fibrils. 453 
 454 
Figure 3: AFM image processing procedure42. The top of each panel shows a profile line of the 455 
sample surface (red line) illustrated by the corresponding AFM image, while the lower part shows 456 
a histogram of the height of all pixels in the image. (a) Raw AFM image before image flattening 457 
procedure. (b) AFM image after the processing procedure using the whole plane flattening. 458 
Fibrillar structures (pink color) were masked from the flattening procedure. (c) Image processed 459 
using line-by-line flattening procedure. (d) Final image after the image processing procedure. This 460 
figure has been adapted from Ruggeri et al.42. 461 
 462 
Figure 4: Single aggregate statistical analysis of AFM images. (a) Example of the tracing of the 463 
heights and lengths of fibrillar structures, indicated with 1 and 2. (b) Graph with sections of the 464 
traced fibrils and their average height. (c) Example of a histogram showing the average height of 465 
fibrillar structures. (d) Graph with normalized profile of the traced fibrils 1 and 2. (e) Histogram 466 
distribution of the normalized profile height points. This figure has been adapted from Ruggeri 467 
et al.42. 468 
 469 
Figure 5: Principle of function of the AFM-IR method. (a) Absorbed IR light causes the thermal 470 
expansion of the sample, exciting the mechanical resonances of the AFM cantilever in contact 471 
with the sample. The amplitude of the cantilever oscillations is proportional to the IR absorption. 472 
(b) IR absorption maps are obtained scanning the cantilever on the sample while fixing the laser 473 
wavelength. (c) Tip and sample in contact behave as a system of coupled springs whose resonant 474 
frequency increases monotonically with the intrinsic stiffness of the sample50. (d) Localized 475 
spectra are obtained by sweeping the laser wavelength while fixing the position of the AFM 476 
cantilever. (e) IR spectrum of protein. (f) In summary, AFM-IR enables the simultaneous study of 477 
morphological, mechanical and chemical properties at the nanoscale26. 478 
 479 
Figure 6: Infrared nanospectroscopy (nano-IR) of a single amyloid aggregate. (a) AFM 480 
morphology map. (b) IR absorption map at the laser resonance peak at 1658 cm-1. (c) Cross 481 
sectional dimensions of the fibril height. (d) IR spectra on different positions of the fibrillar 482 
structure (marked in panel b with blue circles) and the substrate (marked in panel b with green 483 
circles). The average net signal deriving from the aggregate structure (solid black line) was 484 



obtained by subtracting the averaged background signal (solid green line) from the averaged fibril 485 
signal (solid blue line). This figure has been adapted from Ruggeri et al.42. 486 
 487 
DISCUSSION:  488 
The first critical step in this protocol is the preparation of monomeric proteins, such as in the case 489 
of Aβ42 solution described in steps 1.1 and 1.2. It is essential to initiate the aggregation process 490 
from a highly pure, monomeric solution, as the presence of oligomeric or aggregated species may 491 
result in poor reproducibility of the aggregation kinetics58, and induce artefacts in the AFM 492 
measurements (e.g., fibrillar species will be evident at the initial stages of the aggregation), which 493 
may lead to the misinterpretation of the data. Highly reproducible kinetics data of amyloid 494 
formation based on ThT fluorescence assay, in association with the master equation formalism 495 
of chemical kinetics5–7, have allowed to define the Aβ42 aggregation mechanism in terms of its 496 
underlying molecular events. Chemical kinetics connects the microscopic steps underlying 497 
amyloid formation with their macroscopic manifestations by considering the different ways in 498 
which new aggregates can form and grow, which are for instance elongation at the aggregate 499 
ends or secondary nucleation on the aggregate surface. However, chemical kinetics by itself does 500 
not directly enable the visualization of the possible nucleation phenomena at the nanoscale 501 
requiring their combination with single molecule methods. 502 
 503 
The second critical step in this protocol is the substrate preparation and sample deposition 504 
procedures described in steps 2.2 and 2.6−2.8. To avoid artefacts, the sample must be deposited 505 
on a clean, atomically flat surface. Proper etching of the mica is essential to achieve artefact-free, 506 
high-resolution in AFM measurements. The sample deposition time is also extremely important, 507 
as longer incubation time allows better absorption on the substrate surface. However, it might 508 
also induce artificial self-organization and self-assembly25, which may induce artefacts (e.g., 509 
surface-induced aggregate species) that may lead to data misinterpretation. In addition, the mica 510 
surface is negatively charged, which means that only positively charged molecules easily absorb 511 
on it. If the net charge of the sample is negative, the surface of the mica can be positively 512 
functionalized using APTES for a better phisisorption23. Microfluidic spray deposition25 can be 513 
exploited to avoid these effects and artefacts and deposit the sample in a single step and artefact-514 
free manner. 515 
 516 
The third critical step is the proper setup and the choice of imaging parameters for sample 517 
imaging via AFM and AFM-IR described in section 3. The AFM tips used for the sample imaging 518 
should be sharp enough (apex radii of 2−8 nm) to achieve high-resolution and minimize 519 
convolution effects (broadening of the sample features by the tip)14, which may induce 520 
uncertainties in the image of the sample. The choice of imaging mode, contact or dynamic, is also 521 
important. For sample imaging via conventional AFM, the dynamic mode is preferred over the 522 
contact mode as the latter mode induces large lateral tip-sample frictional forces that may cause 523 
sample damage and introduce artefacts in the measurements (e.g., reduction in the sample 524 
height due to nanoindentation)14,61,62. Conversely, the contact mode is preferred for the 525 
measurements via nano-IR to enhance AFM-IR signal. For measurements in dynamic mode, the 526 
cantilever should be tuned just slightly below (tapping mode) or above (non-contact mode) the 527 
maximum of its first free resonance of oscillation to assure higher stability of the 528 



measurements14. The imaging resolution, which depends on the pixel number and scan area, 529 
should be high enough to capture the smallest degree of detail present in a specimen (e.g., 1024 530 
x 1024 pixels for a 4 x 4 µm2 area)14,63. Low imaging resolution can induce distortions and 531 
uncertainties in the image of the sample due to the loss of the vertical and lateral information 532 
upon digitisation of the signal14. The scan rate, used for imaging, should be low enough for the 533 
tip to be able to follow surface features properly as well as to have enough time to acquire 534 
chemical information14. One of the most important imaging parameters is the imaging force. In 535 
contact mode, it is fundamental to use a low interaction force to preserve structure of the 536 
sample. In dynamic mode, the energy dissipation on the samples should be kept constant in order 537 
to consistently compare morphology of distinct samples; consistent imaging of independent 538 
samples can be obtained by maintaining a constant regime of a phase change not exceeding 539 
Δ20°14,42. Large imaging forces should be avoided as they may induce distortions and 540 
uncertainties in the sample images.  541 
 542 
Thermal drift caused by the expansion and contraction of AFM parts due to thermal fluctuations 543 
can induce distortions and artefacts in the image of the sample64,65. Drifts in the vertical direction 544 
may cause the cantilever to lose track of the surface as well as to crash into the surface, while 545 
drifts in the lateral direction usually result in elongation of the surface features and image 546 
distortion, which makes it difficult to achieve precise measurements of the sample features. The 547 
effect of these thermal drifts can be minimized by accurate temperature control of the laboratory 548 
as well as giving enough time (around 30 min) for the system to become stable or by performing 549 
fast scans66–70. 550 
 551 
The quality of the nano-IR imaging and spectra collection by AFM-IR can be affected by several 552 
factors, of which the most important are: (i) a wrong division of the IR signal on the sample by 553 
the IR background, (ii) a large variation of nanomechanical contact between tip and the sample, 554 
and (iii) an excessive heating of the sample causing its softening. To correctly divide the IR 555 
spectrum of the sample by the collected background, it is crucial that they are collected at the 556 
same laser power. Indeed, the spectral line shape of the IR laser background depends on the 557 
power of the laser. Then, in order to avoid the influence of the mechanical properties of the 558 
sample into the measured chemical information, it is crucial to monitor and track the contact 559 
resonance between the sample and the tip during spectra and image acquisition. For spectra 560 
acquisition, ideally, it is sufficient to pulse the laser at a fixed contact resonance. However, if the 561 
spectrum is acquired on a large spectroscopic range, high intensity peaks could cause strong 562 
heating of the sample and its softening, thus changing the tip-sample contact resonance and 563 
artificially reducing the IR peak amplitude. For this reason, it is important to track contact 564 
resonance during spectra acquisition in order to verify that the spectrum is not affected by 565 
excessive heating of the sample. 566 
 567 
In conclusion, conventional AFM and nano-IR are capable of investigating with high resolution 568 
the morphological, structural and chemical properties of the individual species forming during 569 
protein aggregation24,38. However, they lack the capability of chemical kinetics to follow their 570 
rapid kinetics of formation in native bulk conditions. In order to unravel the conformational 571 
changes that protein undergo during their aggregation and misfolding, it is necessary to develop 572 



and apply novel biophysical methods capable of bringing together the capabilities of bulk 573 
biophysical methods with the investigation of the heterogeneity and ultrastructural properties 574 
of protein aggregation at the nanoscale. This approach represents a fruitful avenue to address 575 
the challenge of understanding the problem of protein self-assembly and its role in health and 576 
disease. Indeed, single aggregate approaches are capable to unravel and elucidate the molecular 577 
mechanisms of protein aggregation polymorphism and formation. This information is central to 578 
address the challenge of understanding protein aggregation and its role in the onset and 579 
progression of human diseases, as well as understanding their biophysical properties for 580 
biotechnology applications. 581 
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AFM-IR system Anasys Instruments nanoIR 2 or 3
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Corning 3881

Corning Microplate Aluminium Sealing Tape Corning 6570

Double Sided Adhesive Discs AGAR Scientific AGG3347N

FLUOstar Omega BMG Labtech 415-101

Mica Disc 10mm V1 AGAR Scientific AGF7013

Park NX10 AFM system Park Systems N/A

Platypus Ultra-Flat Gold Chips Platypus Technologies AU.1000.SWTSG

PPP-NCHR-10 cantilevers Park Systems PPP-NCHR-10

Protein LowBind Tubes, 2.0mL Eppendorf 30108132

Silicon gold coated   cantilevers Anasys Instruments PR-EX-nIR2

SPM Specimen Discs 12mm AGAR Scientific AGF7001
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License Agreement, the following terms shall have the
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means the author who is a signatory to this Agreement;
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"CRC License" means the Creative Commons Attribution 3.0 
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royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
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Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and (c) to license others to do
any or all of the above. The foregoing rights may be
exercised in all media and formats, whether now known or
hereafter devised, and include the right to make such
modifications as are technically necessary to exercise the
rights in other media and formats. If the "Open Access" box 
has been checked in Item 1 above, JoVE and the Author
hereby grant to the public all such rights in the Article as
provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the 
nonexclusive right to use all or part of the Article for the 
noncommercial purpose of giving lectures, presentations 
or teaching classes, and to post a copy of the Article on the 
Institution's website or the Author's personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE's copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author.  
5. Grant of Rights in Video - Standard Access. This 
Section 5 applies if the "Standard Access" box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE.  
6. Grant of Rights in Video - Open Access. This 
Section 6 applies only if the "Open Access" box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats.  
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 
rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 

deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute.  
8. Protection of the work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author's name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws.  
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author's 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
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discretion andwithout giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author's institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney's fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author's or the Author's institution's
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contaminationdue to
the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or

decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author's expense. All indemnifications provided herein 
shall include JoVE's attorney's fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors.  
13. Fees. To cover the cost incurred for publication,
Jo VE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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Dear Editor, 

We should like to resubmit for consideration in your journal as article our manuscript 

“Characterizing Individual Amyloid Aggregates by Infrared Nanospectroscopy and Atomic Force 

Microscopy”. 

We are glad of the very positive response of the reviewers that recognized the value of the protocol. 

Their suggestions together with the editorial comments have greatly improved the manuscript.

We hope that now the manuscript is suitable for publication in Jove. 

On behalf of all the authors, 

F.S. Ruggeri and T. P. J. Knowles 
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Editorial Comments: 

• Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammatical errors. 

• Textual Overlap: Significant portions show significant overlap with previously 

published work. Please re-write the text in lines 23-25, 38-60, 67-71, 79-89, 276-290, 
395-400 to avoid this overlap. 

Answer: We have rewritten the parts highlighted by the editor. 

• Protocol Detail: Please note that your protocol will be used to generate the script 

for the video, and must contain everything that you would like shown in the 
video. Please add more specific details (e.g. button clicks for software actions, 
numerical values for settings, etc) to your protocol steps. There should be 

enough detail in each step to supplement the actions seen in the video so that viewers 
can easily replicate the protocol. Examples: 

1) Section 5: all software actions must be described using explicit button clicks. 

Answer: We have updated the protocol section. 

• Protocol Numbering: Please adjust the numbering of your protocol section to follow 

JoVE’s instructions for authors, 1. should be followed by 1.1. and then 1.1.1. if 
necessary and all steps should be lined up at the left margin with no indentations. 
There must also be a one-line space between each protocol step. 

Answer: We have adjusted the numbering of the protocol. 

• Protocol Highlight: After you have made all of the recommended changes to your 

protocol (listed above), please re-evaluate the length of your protocol section. There 
is a 10-page limit for the protocol text, and a 3- page limit for filmable content. If your 
protocol is longer than 3 pages, please highlight ~2.5 pages or less of text (which 
includes headings and spaces) in yellow, to identify which steps should be visualized 
to tell the most cohesive story of your protocol steps. 

1) The highlighting must include all relevant details that are required to perform the 
step. For example, if step 2.5 is highlighted for filming and the details of how to perform 
the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are 
provided must be included in the highlighting. 

2) The highlighted steps should form a cohesive narrative, that is, there must be a 
logical flow from one highlighted step to the next. 

3) Please highlight complete sentences (not parts of sentences). Include sub-headings 
and spaces when calculating the final highlighted length. 

4) Notes cannot be filmed and should be excluded from highlighting. 

5) Please bear in mind that software steps without a graphical user 
interface/calculations/ command line scripting cannot be filmed. 

Answer: We have highlighted the relevant parts. 
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• Discussion: JoVE articles are focused on the methods and the protocol, thus the 

discussion should be similarly focused. Please ensure that the discussion covers the 
following in detail and in paragraph form (3-6 paragraphs): 1) modifications and 
troubleshooting, 2) limitations of the technique, 3) significance with respect to existing 
methods, 4) future applications and 5) critical steps within the protocol. 

Answer: We have updated the discussion. 

• References: 

1) Please move the in-text http weblinks (lines 109-110, 115, 123, 127, etc) into the 
reference list, and use superscripted citations. For product pages, please list all 
products in the table of materials instead. 

2) Please spell out journal names. 

Answer: Done. 

• Commercial Language: JoVE is unable to publish manuscripts containing 

commercial sounding language, including trademark or registered trademark symbols 
(TM/R) and the mention of company brand names before an instrument or reagent. 
Examples of commercial sounding language in your manuscript are Eppendorf, 
Corning 3881, FLUOstar® plate readers from BMG Labtech, SPIP (Image Metrology), 
Bruker, PR-EX-nIR2, Bruker, 

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial 
sounding language in your manuscript with generic names that are not company-
specific. All commercial products should be sufficiently referenced in the table of 
materials/reagents. You may use the generic term followed by “(see table of 
materials)” to draw the readers’ attention to specific commercial names. 

Answer: We have removed all commercial language and wording. 

• If your figures and tables are original and not published previously or you have 
already obtained figure permissions, please ignore this comment. If you are re-using 
figures from a previous publication, you must obtain explicit permission to re-use the 
figure from the previous publisher (this can be in the form of a letter from an editor or 
a link to the editorial policies that allows you to re-publish the figure). Please upload 
the text of the re-print permission (may be copied and pasted from an email/website) 
as a Word document to the Editorial Manager site in the "Supplemental files (as 
requested by JoVE)" section. Please also cite the figure appropriately in the figure 
legend, i.e. "This figure has been modified from [citation]." 

Answer: We have obtained explicit permissions to re-use the figures from previous 
publishers.“Influence of the β‐Sheet Content on the Mechanical Properties of 
Aggregates during Amyloid Fibrillization”. The figures re-used from “Nanoscale studies 
link amyloid maturity with polyglutamine diseases onset” are licensed under a Creative 
Commons Attribution 4.0 International License. To view a copy of this license, please, 
visit http://creativecommons.org/licenses/by/4.0/  
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Comments from Peer-Reviewers:  

Reviewer #1: 

Manuscript Summary: 
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1. Abstract mentions about "Central importance in order to develop new 

pharmacological approach to neurodegenerative disorders." But no such 
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Minor Concerns: 

The same sample is processed in the same equipment, To obtain the information from 

AFM and IR. 

How the AFM-IR help to know the oligomerization process.  
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to Ruggeri, PNAS, 2018. 

Is clear that AFM identify the morphology, but is not clear if, IR identify the inter-chain 

interaction. 
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contact to have enough sensitivity. 
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could be mentioned, and how the author established the condition to do a kinetic 
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Answer: We agree with the reviewer that the kinetics assays are extremely sensitive. 
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We did not establish any specific condition to correlate kinetics and AFM. At each 

specific time point of interest, an aliquot of the solution in the plate reader is deposited 
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This MS describes protocol for imaging amyloid beta fibrils by multiple methods, 

presenting an opportunity to examine the mechanism of fibril self assembly. The 

protocol is highly detailed and useful. 

Answer: We would like to thank the reviewer for the very positive evaluation of the 

protocol. 

Major Concerns: 

The article makes many claims of single molecule (monomer) sensitivity. This is not 

appropriate and reflects a misunderstanding of the infrared imaging technique. While 

the isolated monomers illustrate in Figure 1 can be monomers, the infrared signal from 

a beta fragments in the fibrils does not come from single a-beta monomers. There are 

simple ways to understand this. First, the spatial resolution of the instrument is not 

sharp enough to isolate a single AB42 peptide within the fibril. Second, the coupling 

of the IR resonances between sheets precludes the identification of the response as 

being from a single AB42 peptide (single molecule). There are intersheet couplings in 

the IR signal. The text needs to be edited to remove the claim of single molecule or 

monomer sensitivity. The claim is misleading. 

Answer: We fully agree with the reviewer. While as in Fig. 1, AFM is capable to easily 

visualise an individual monomer (Ruggeri, PNAS, 2018; Ruggeri, Angewandte, 2015; 

Khalaf, JBC, 2015). AFM-IR has still limited chemical resolution. The smallest objects 

from which chemical information could be retrieved till now are lipid membrane 
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now clarified this difference trough the text. 

In other respects, the protocol would be of general interest and potentially useful. 

Answer: We would like to thank the reviewer for the very positive evaluation of the 

manuscript. 
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