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Amyloid fibrils are composed of aggregated peptides or proteins in a fibrillary structure with a higher

β-sheet content than their native structure. Attenuated total reflection Fourier transform infrared spec-

troscopy only provides bulk analysis of a sample therefore it is impossible to discriminate between

different aggregated structures. To overcome this limitation, near-field techniques like AFM-IR have

emerged in the last twenty years to allow infrared nanospectroscopy. This technique obtains IR spectra

with a spatial resolution of ten nanometres, the size of isolated fibrils. Here, we present essential practical

considerations to avoid misinterpretations and artefacts during these analyses. Effects of polarization of

the incident IR laser, illumination configuration and coating of the AFM probes are discussed, including

the advantages and drawbacks of their use. This approach will improve interpretation of AFM-IR spectra

especially for the determination of secondary structures of species not accessible using classical

ATR-FTIR.

1. Introduction

Amyloidosis is a group of pathologies induced by the aggrega-
tion of functional proteins. This aggregation is caused by a
change in the conformation of proteins which leads to their
misfolding. To date, more than 30 proteins are known to form
aggregates that are responsible for various diseases such as
Creutzfeld-Jacob, Alzheimer, Parkinson, type II diabetes or
some cancers.1 Amyloids are rich in cross-β sheet structures,
with percentages that depend on the protein, and they assem-

ble to form insoluble fibrils.2 Amyloid fibrils can have
different lengths but their width is invariant between 8 to
10 nm. Structural analysis of amyloid nano-assemblies is
essential for understanding their behavior and pathogenicity.
For example, dimers, trimers, and tetramers of amyloid β pro-
teins (Aβ) are called oligomers and higher size aggregates with
a bead-like form up to 200 nm in length are called protofibrils,
which are toxic to neurons and their vital interconnections3,4

whereas longer fibrils can induce an inflammatory response, a
process that actively contributes to the toxicity of amyloido-
genic proteins.5–7 Unfortunately, fibrils are difficult to study
with the most commonly used high-resolution structural
methods (X-ray diffraction, solid-state nuclear magnetic reso-
nance and cryo-electronic microscopy) as these methods are
not suitable for insoluble material or species in equilibrium
between different types of aggregates. Vibrational spec-
troscopy, more specifically infrared (IR) spectroscopy, provides
interesting alternatives. IR probes molecular vibrations and for
decades has been extensively used to study protein secondary
structures,8 including aggregates.9

The IR response of proteins and analysis of their secondary
structure are well-known.10 Usually, spectral shape differences
in the amide I and amide II regions are investigated. In
the case of the amide I region, all different secondary struc-
tures absorb in a specific range due to different transition
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dipole coupling with the peptide backbone, as specified in
Table 1.11

In order to differentiate the different types of aggregates that
compose a fibrillar sample, IR microscopy should be used.
However, it can only achieve micrometric lateral resolution at
best, which is far below the size of the aggregates. Within the last
twenty years, several super-resolution near-field techniques,13

derived from atomic force microscopy, have emerged overcoming
these limits of classical vibrational microscopies as well as allow-
ing analysis of highly heterogeneous systems. Among these
different technologies, AFM-IR (atomic force microscopy based IR
spectroscopy),14 that detects a photothermal effect, seems to be
the most relevant and robust to study amyloid fibrils.15–20 Indeed
sSNOM (scattering near-field optical microscopy) technology is
more comparable to GI-FTIR (grazing angle incident FTIR) ana-
lysis where polarization effects are dominant. In GI-FTIR and
sSNOM, mainly the vibrations oriented along the vertical axis of
the surface is probed.14

In the past 10 years, AFM-IR has continuously evolved and
improved. Nowadays, two configurations coexist: the first is
characterized by a configuration with a bottom-up illumina-
tion,21 and the second utilizes a top-down illumination.22

Simultaneously, the evolution of IR laser sources opened new
possibilities and the resonance enhanced mode was devel-
oped, offering tremendous improvement in terms of sensitivity
and resolution.22 The AFM probe used by different AFM-IR
configurations could also play a role in the measurement.
Indeed, for the first configuration (bottom-up) silicon-tips are
used whereas gold-coated tips are preferred for the system
using top-down illumination.

But those advances are not without consequences. In recent
papers using AFM-IR,16–20 analysis on amyloid fibrils with
those different setups provided different spectra and interpret-
ation. For example, results obtained by Henry et al.18 or
Ruggeri et al.16 differ. Ruggeri et al. published a work on the
Josephin domain of Ataxin-3 using a bottom-up illumination
and a silicon-probe.16 During the aggregation of this protein,
they observed an increase of the 1690–1710 cm−1 region
assigned to the anti-parallel β-sheet structure. A second publi-
cation from Ruggeri et al. deals with polyQ tracts in the first
exon of the huntingtin protein. The study was performed
using a top-down illumination and a decrease of the absorp-
tion band in the 1663–1659 cm−1 range was observed as well

as an increase of two bands at 1692 and 1684 cm−1, respect-
ively assigned to an antiparallel β-sheet and β-turns.17 Henry
et al. performed experiments using bottom-up illumination
and a gold-coated tip and studied the Aβ42 peptide and its
interaction with lipids.18 They studied fibrils formed from
wild-type Aβ and a mutant in oligomer conformation. For the
wild type, they observed a major band at 1631 cm−1 associated
with β-sheet aggregated structures and another one at 1662
assigned to β-turns. For the mutant, a shoulder at 1689 cm−1

mixed with β-turns at 1662 cm−1 appeared. The effect of the
substrate used in AFM-IR was discussed previously.20 The
nature of some surfaces like ZnSe used in bottom-up illumina-
tion induces amyloid sample destructuring, leading to amor-
phous aggregates. The substrate nature should be carefully
selected to study amyloid fibrils. The ZnS prism should be pre-
ferred for AFM-IR or a gold surface with top-down illumina-
tion. With these two substrates, the different amyloid fibrils
have a similar shape and length as on standard mica surfaces.
More recently, Partouche et al. studied the C-terminal region
of a bacterial (Escherichia coli) protein Hfq that forms func-
tional amyloid like fibrils, with a top-down illumination.19

They were able to follow the β-sheet content using the ratio
between the β-sheet structure absorption band at 1620 cm−1

and the maximum of the amide I band at 1660 cm−1.
It is clear there are differences in spectra and interpretation

for these studies of different β-sheet structures. Those
different results and spectral signatures have never been
deeply discussed or explained. For the consistency of the tech-
nique, it seems important to determine what are the factors
that influence or disturb the infrared spectra obtained by
AFM-IR. If we compare all these results, parameters which
change from one study to another are: (i) the AFM-IR configur-
ation, (ii) the tip properties and (iii) the β-sheet content of the
fibrils. To understand the role and influence of the different
parameters, we present a study that compares fibril spectra
obtained by different AFM-IR configurations and setup. A dis-
cussion is presented about the consequences of their second-
ary structure analysis. For this purpose, 3 different amyloid
fibrils were studied: (i) amyloid β 1–42 peptide (Aβ),23,24 (ii)
α-synuclein (α-syn),25–27 and (iii) the ovine prion (PrP).28–31

We first describe the different AFM-IR configurations, then
illustrate the effect of the laser polarization state on the local
IR response of the fibrils. The effect of a gold-coated AFM
probe is discussed by modelling and comparing the spectra
obtained on the 3 different fibrils. Finally, we compare the
structural analysis obtained using ATR-FTIR spectra with the
one obtained using AFM-IR data: first for Aβ, α-syn and PrP
and then for a functional amyloid-like nano-assembly formed
by the C-terminal part of the bacterial protein Hfq.

2. Methods
2.1 Aβ sample preparation

WT Amyloid β 1–42 was purchased from Bachem (Bubendorf
BL, Switzerland). Aβ peptides were dissolved in cold hexa-

Table 1 Assignment of amide I band based on experimental data from
various research teams and extracted from the review of Goormaghtigh
et al.12

Secondary structure

Band position in H2O (cm−1)

Center Range

α-Helix 1654 1648–1657
β-Sheet 1633 1623–1641

1684 1674–1695
Turns 1672 1662–1686
Disordered 1654 1642–1657
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fluoroisopropanol (HFIP) at a concentration of 2 mg mL−1 and
incubated for 1 hour at room temperature. HFIP was removed
first under nitrogen flow and then using a Speed Vac (Fisher
Thermo Savant, Waltham, MA, US) for 1 hour. Peptides were
dissolved in dimethylsulfoxide at a final concentration of
5 mM and then diluted to a final concentration of 100 µM in
HCl 10 mM. Peptides were incubated at 37 °C for 1 week.58

The solution was diluted by a factor of 1000 in mQ water.
Fibrils were deposited on a ZnS prism or gold substrate and
dried at room temperature under light airflow.

2.2 α-Synuclein sample preparation

Recombinant wild-type α-syn was expressed in E. coli BL21
(DE3) strain (Stratagene, La Jolla, CA, USA), transformed with
the expression vector pET3a (Novagen, Merck, Darmstadt, Ge)
encoding wild-type, full-length α-syn. The expression of α-syn
was induced by 0.5 mM IPTG for 2 h, when the bacteria, grown
in LB medium at 37 °C, reached an optical density of 1.0 at
660 nm. Soluble, monomeric α-syn was purified from the bac-
terial lysate as previously described.59 α-Syn concentration was
determined spectrophotometrically using an extinction coeffi-
cient of 5960 M−1 cm−1 at 280 nm. Pure α-syn (0.2–0.5 mM) in
50 mM Tris-HCl, pH 7.5, 150 mM KCl was filtered through
sterile 0.22 μm filters and stored at −80 °C. α-Syn in different
buffers, (see below) and was incubated for one week at 37 °C
under continuous shaking in an Eppendorf Thermomixer set
at 600 rpm to assemble into distinct fibrillar polymorphs. To
obtain the polymorph “fibrils”, α-syn (400 μM) was assembled
in 50 mM Tris-HCl, pH 7.5, 150 mM KCl buffer. This solution
was diluted by a factor of 1000 in mQ water. Fibrils were de-
posited on a ZnS prism or gold substrate and dried at room
temperature under light airflow.

2.3 Prion sample preparation

PrP amyloid fibrils were formed using the manual setup proto-
col described previously.60 Briefly, the lyophilized protein was
dissolved directly in 50 mM MES buffer, pH 6.0 at 1 mg ml−1.
Tris solution was kept on ice before starting the experiment.
To prepare a 500 μl reaction mixture, the following reagents
were mixed in a conical plastic tube: water (90 μl), guanidine-
HCI (6 M, 200 μl), MES buffer (0.5 M, pH 6.0, 10 μl) and finally
the PrP stock solution (300 μl). The solution was mixed by
gently pipetting to avoid introducing air bubbles. Typically for
the PrP stock solution, a 10 ml reaction was made in a 15 ml
conical centrifuge tube. The tube (arranged horizontally on the
plate surface) was incubated with continuous orbital shaking
at 30 rpm (16 mm amplitude) at 37 °C. Fibril formation was
monitored using a Thioflavin-T (ThT) binding assay.61 For this
assay, aliquots were withdrawn and diluted in 10 mM Na-
acetate buffer, pH 5.0 to a final concentration of PrP of 0.3 μM.
Then ThT was added to a final concentration of 10 μM.
Samples were dialyzed in 10 mM sodium acetate, pH 5.0. Then
fibrils were collected by ultracentrifugation for 45 min at
228 147g using a Beckman Optima TL100 Ultracentrifuge and
TLA-100.3 rotor (Beckman Coulter, Pasadena, CA, US), and
resuspended in 10 mM sodium acetate, pH 5.0. A washing step

was performed by repeating the ultracentrifugation and resus-
pension steps. All concentrations given for fibrillar PrP refer to
the respective equivalent monomer concentration.

2.4 Hfq sample preparation

The fibrils of the peptide corresponding to the CTR domain of
E. coli Hfq (residues 64–102,
SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE) were
purchased from Proteogenix (Schiltigheim, Fr).45 Hfq peptide
was reconstituted in water at 20 mg ml−1. This solution was
diluted by a factor 1000 in mQ water. Fibrils were deposited on
a ZnS prism or gold substrate and dried at room temperature
under light airflow.

2.5 Analysis by AFM-IR

Sample were analyzed using an AFM-IR system with two
different illumination available (bottom up and top-down). For
bottom-up illumination, the system used was a nanoIR1 from
Anasys Instruments (Bruker, Billerica, MA, US). The sample
was deposited on a ZnS prism (SM-nIR-Prism2 from Bruker),
with illumination in attenuated total reflection. The laser used
was a QCL from Daylight Solution (San Diego, CA, US) with
one chip centered at 1650 cm−1. 100% of the laser power was
used with a co-averaging of 128 and a duty cycle around 20%.
The AFM probe used for the experiment was purchased from
µmasch (Tallinn, Estonia) with a spring constant around 0.03
N m−1 (reference HQ:CSC38/Al-BS and HQ:CSC38/Cr-Au for
gold coated tips).

For the top-down illumination, the equipment used was a
nanoIR2 from Anasys Instruments. The sample was deposited
on a gold substrate (Platypus Technologies Au.1000.SWTSG,
Fitchburg, WI, US). The laser used was a QCL mircat-QT from
Daylight Solutions and a HQ:CSC38/Cr-Au gold coated tip was
used.

All AFM-IR spectra presented are the average of 25 different
spectra acquired on fibrils with all orientations in the XY plane
(1 spectrum per fibril). The average spectra were smoothed
with a double-Gaussian filter with a cut-off of 2.5 cm−1 with
Mountains Map 8 (Digital Surf, Besançon, FR). To better show
difference in the spectra, all the spectra were normalized on
the area of the amide I band (from 1700 to 1600 cm−1).

The spectrum shown in Fig. 2b is the average of 8 spectra
on the Y-aligned fibril between the red arrows as shown
inFig. 2a. The solid line is the spectra made smooth with a
double-Gaussian filter with a cut-off of 2.5 cm−1 and the
slightly transparent line is the raw data corrected for water
vapor with a local de-glitch filter at 1635 and 1682 cm−1.

2.6 Modeling using COMSOL

The COMSOL (Grenoble, Fr) model is based on quasi-static
approximation. The electric field is modeled with the 3D AC/
DC module. As the space of the study is smaller than 100 nm,
the electromagnetic field is considered constant. Gold is
defined by a specific dielectric constant (negative). Amyloid
Fibrils have been modelled in a cylinder shape with a 10 nano-
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meter diameter and with poly(methyl methacrylate) material
parameter.

2.7 ATR-FTIR measurement

Attenuated total reflection Fourier transform infrared spectra
were recorded on a Bruker Equinox 55 infrared spectrophoto-
meter equipped with a MCT detector at a resolution of 2 cm−1.
The spectrometer was continuously purged with dry air. The
sample was dried on a Specac (Orpington, UK) diamond with a
flux of dry air and 128 scans were averaged for the sample and
background. The results were treated with kinetics for baseline
correction, area normalization on the amide I band curve
fitting, and unsupervised hierarchical clustering based on the
Euclidean distance between the spectra. The spectra were
plotted with OriginPro 2016 software (Northampton, MA, US).

2.8 HCA and deconvolution of the infrared spectrum

The hierarchical cluster analysis and deconvolution were
carried out using Kinetics, a custom-made program, developed
in our laboratory by Prof. Erik Goormaghtigh (SFMB,
Université libre de Bruxelles, Belgique) running under Matlab
(Mathworks, Natick, Ma, US). The analysis was done on the
amide I region from 1700 to 1600 cm−1 after baseline correc-
tion and scaling of the spectra. For the deconvolution 5 peaks
were used, two bands were used corresponding to loop and
turns with a position between 1682 and 1662.5 cm−1, α-helix
between 1662 and 1645 cm−1, random structure between
1644.5 and 1637 cm−1, and one for the β-sheet between 1637
and 1610 cm−1. The function used for the fitting is a mix of a
Lorentzian and Gaussian function, and the ratio of the two
functions is optimized from pure Gaussian to pure Lorentzian
and starts with a 50/50 mix. The percentage of each structure
corresponds to the area of the band normalized to 100%.

3. Results and discussion
3.1 AFM-IR configurations

In order to clarify the different results reported in the literature
regarding amyloid-like nano-assemblies, we performed our
study using the two illumination setups commercially avail-
able. The first involves illumination from the bottom side of
the probed sample (called bottom-up illumination) and the
second illumination from the top side (called top-down illumi-
nation). The bottom-up illumination uses an infrared transpar-
ent prism (ZnSe, ZnS, CaF2…) similar to the attenuated total
reflection technique used in IR spectroscopy. Moreover, the
sample thickness must be lower than 1 micrometer to keep
the illumination constant over the sample.32 In our study, this
constraint is not a limitation considering the size of fibrils.
Furthermore, with this setup, both regular AFM silicon tips
(Si-tip) and gold-coated Si-tip (Au-tip) can be employed. The
top-down illumination is more versatile. All substrates trans-
parent or reflective in the IR range are compatible and the
sample thickness has no limitation, but as the Si-tip may
absorb the IR radiation, exclusively the Au-tip is used.

Currently, the top-down illumination system is the most
common.

Amyloid-like nano-assemblies are highly oriented. Thus, IR
linear dichroism analysis of amyloid fibrils provides infor-
mation on their orientation.33 Their cross β-sheet structure,
which absorbs around 1620 cm−1, is perpendicular to the
fibril’s long axis; the carbonyl (CvO) of the peptide bond is in
the axis of the fibril. In the bottom-up illumination system,
the polarization of the laser can be controlled and set to
p-polarization (into the incident plane called XZ) or s-polariz-
ation (into the XY plane) (see Fig. 1). Due to the prism geome-
try, the incidence angle of illumination is fixed at 45°. Thus, if
the laser polarization is p, the electric field is divided in two
components at the surface of the prism: one along the Z-axis
(Pz) and another one along the X-axis (Px). For the s-polariz-
ation, only one contribution exists along the Y-axis (Py).

As a consequence, for highly oriented material such as
fibrils, the incident light polarization will have an effect on the
IR response. In the case of fibrils aligned along the Y-axis (rep-
resented by a red line (Fig. 1a and b) and between red arrows
(Fig. 2a – called Y-aligned fibrils), carbonyl vibrations of the
amide I band of the β-sheets will be oriented along the same
axis as the electric field for the s-polarization and perpendicu-
larly for the p-polarization.34 Under these conditions, we
expect that these fibrils will present an important absorption
signal due to the β-sheet structure only with the s-polarization.
Experimentally, this behavior was observed with α-syn fibrils
(high β-sheet content). In Fig. 2, at s-polarization, the
maximum of the amide I band of the IR spectra acquired on a
Y-aligned fibril (red arrows Fig. 2a) was centered at 1627 cm−1

with shoulders at higher wavenumber corresponding to the
rest of the protein structure. At p-polarization the signal to
noise ratio is low, the amide I absorption band was centered at
1650 cm−1, and it is difficult to distinguish the absorption
band at 1630 cm−1 of the β-sheet structures. In the case of
X-aligned fibrils, carbonyl vibrations of the amide I band of
the β-sheet are oriented along the X-axis. Thus, we do not
expect to detect any absorption of the structure with a s-polar-
ization and a weak one with a p-polarization as only one third
of the electric field is X-aligned. Experimentally, the signal to
noise ratio was indeed so low, for both cases, that it was
impossible to extract a significant spectrum with relevant
structural information. For the other analyses presented with
structural determination, spectral averaging was used with
spectra recorded at many different locations on fibrils and a
better signal to noise ratio was therefore obtained.

With the top-down illumination system, the polarization is
fixed with a p-polarization with a 70° incident angle (to the
normal of the surface). Thus, fibrils oriented along the Y-axis
should not present any IR absorption and the X-aligned only
showed a weak one as only one third of the incident energy
will highlight them.

3.2 AFM-IR study: bottom-up illumination with an Si-tip

In this section, we explore the response of 3 fibrillar samples
with the bottom-up illumination configuration:
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- Aβ is a 42 amino acid peptide involved in Alzheimer’s
disease and found in senile plaques with a high β-sheet
content.23,24

- α-synuclein is a 140 amino acid protein and its aggregated
form is found in Lewy bodies and neuritis, the pathological
signature of Parkinson’s disease.25–27

- PrP is a 240 amino acid protein involved in spongiform
encephalopathies and characterized by a conformational
change from α-helix to β-strand of the PrPc to the endogenous
scrapie form, which aggregates into amyloid plaques. Even if
the protein is aggregated, the N-terminal region remains
unstructured.28–31

IR spectra of Aβ, α-syn and Prp fibrils are shown in Fig. 3.
They correspond to an average of 20 spectra normalized by the
amide I band area. They were acquired on different fibrils in
all orientation (on the prism) as it was impossible to observe
pure X or Y-aligned fibrils.

For these three proteins, some discrepancies between p and
s laser polarization are observed but the spectra present a
common feature that the amide I band maximum is centered
at around 1630 cm−1. Usually, this maximum corresponding to
the β-sheets is present between 1630 and 1610 cm−1.35 Spectral
shifts observed for this band may be induced by a change in
the secondary structure of the protein as well as difference in

Fig. 1 AFM-IR setups and orientation of polarization components: schematic view of the different AFM-IR illumination systems. (a) The bottom-up
illumination, where IR laser comes from the bottom side (vector k) with the resulting electric field at the prism surface as a function of the incident
laser polarization (blue for p-polarization, red for s-polarization). (b) The top-down illumination. On both, fibrils are represented in red when aligned
along the Y-axis and in blue when oriented along the X-axis.

Fig. 2 Polarized-resolved AFM-IR study of α-syn fibrils with bottom-up illumination on the ZnS prism obtained at s- and p-polarization with the Si-
tip. (a) Topography of the amyloid fibrils in contact mode with a HQ csc38 tip (0.03 N m−1) at a constant load of 15 nN. Their orientations are indi-
cated with blue and red arrows. (b) Averaged spectra of Y-aligned fibrils: acquisition all along the fibrils localized between the two red arrows at p-
(blue spectrum) and s-polarization (red spectrum).
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hydrogen bonding, and the number and length of β-strands
involved in the β-sheet structure.

The amplitude differences are due to the percentage of
amino acids involved in the β-sheet structure. Aβ has 58% of
its amino acids involved in the β-sheet structure; α-syn, 75%;
and PrP, 43%.25,36,37 Upon more careful scrutiny of the spec-
tra’s shape obtained with a s-polarization, we observe that the
Aβ amide I band is centered at 1632 cm−1 with a shoulder at
1662 cm−1 related to turns or unordered structures, which are
in good agreement with ATR-FTIR measurements.24 For α-syn,
the amide I band is centered at 1627 cm−1, again with a
shoulder at 1662 cm−1.38,39 Whereas, PrP fibrils exhibit an
amide I band centered at 1659 cm−1, which indicates a major
contribution of the unstructured part as well as remaining
α-helix. The PrP spectrum also presents a maximum of absorp-
tion at around 1629 cm−1 corresponding to its β-sheet
structure.40

With a p-polarization, the amplitude of the β-sheet band is
10% lower for all proteins compared with s-polarization. The
difference is more pronounced for PrP fibrils where the
β-sheet absorption band becomes less intense than the
1660 cm−1 band. Some of those differences, sometime at the
same level as the noise, confirm a general trend that the
objects present a relative orientation towards the electric field.
Thus, the s-polarization seems to be the best configuration to
study the β-sheet content of amyloid fibrils. The increase of
amplitude for the β-sheet band can also be observed by polar-
ized ATR-FTIR. The deposition of the amyloid fibrils is not
controlled and bundles of fibrils are probably present, never-
theless the majority of fibrils lays on the ATR crystal. This pre-
ferred orientation allows seeing differences by using polarized
ATR-FTIR. The β-sheet band is higher with p-polarization as
shown in Fig. SI 2.†

3.3 Simulation of the local electric field nearby the fibrils

Currently, most infrared studies of objects below 100 nm size
are performed with an AFM-IR system using a top-down illumi-
nation with an Au-tip as a probe.15–17,41

As reported in the literature, gold coating enhances the
electric field at the apex of the tip by a factor up to two orders
of magnitude with a p-polarized light.42 Thus, a gain in signal
is observed. The generally accepted idea is this gain helps to
improve sensitivity and allows acquiring an IR image with a
decent contrast, which is not possible with a Si-tip. However,
impacts of gold coating, with or without polarized illumina-
tion, have not been fully investigated. For example, differences
may occur using p-polarization compared with the s- one as
the electric field is not towards the tip but perpendicular, this
will affect the enhancement.

To understand the lightning rod effect of the Au-tip, a finite
element simulation (COMSOL Multiphysics®) was performed.
The goal is to model the distribution of the local electric field
as a function of the polarization of the incident light. This
model is valid for both AFM-IR configurations (bottom-up and
top-down). As shown in Fig. 4, the simulated electric field
under the Au-tip is 100-times more intense than the incident
electric field and is spatially limited to a few nanometers
around the tip apex. For a pure p-polarization (p-pol), gold
coating induces a spreading of the electric field just below the
apex and the direction of the field lines show a slight curvature
(Fig. 4a and b). This curvature of the electric field adds an elec-
tric field component along the fibrils axis that might be
absorbed by the carbonyl groups present in this direction.
Therefore, it should be possible to amplify the β-sheet absorp-
tion band for an X-aligned fibril even with a p-polarization,
due to both the enhancement and orientation of the resulting
local electric field (Ex ≠ 0). For a pure s-polarization (s-pol)
with a Y-aligned fibril in the bottom-up configuration or Px
polarization in the case of the X-aligned fibril in top-down
polarization, the behavior of the electric field is hyperbolic
(Fig. 4c and d). It tends to zero under the apex of the tip. Thus,
the illumination is no longer homogeneous, probing about
only 2/3 of the fibrils. In this case, the signal detected mainly
originates from the carbonyl bonds close to the support
surface and not to the tip (Fig. 4d) making this type of analysis
not easy to interpret. Additional simulations with gold sub-

Fig. 3 AFM-IR analysis of amyloid fibrils obtained with bottom-up illumination, Si-tip on ZnS prism at s- and p-polarization. Normalized on amide I
spectra of the 3 different proteins obtained with bottom-up illumination and Si-tip (a) Aβ, (b) α-syn and (c) PrP. Solid lines are for s- and dashed lines
for p-polarization.
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strate show that this sort of substrate does not change the
direction of the electric field (Fig. SI 3†) and has only a minor
effect on the intensity distribution in p-pol. This confirms that
the gold tip prevails on the electric field distribution.

Those simulations show that the use of the Au-tip renders
the illumination difficult to predict. Indeed, the real electric
field enhancement is also related to the tip shape (here
defined as a perfect sphere) which is never known and cannot
be predicted or quantified. The estimation of the real orien-
tation and amplitude of the local electric field is complex.
Under this condition, it will clearly lead to misinterpretation
of spectra of nanometric-size and highly oriented samples
obtained with a system using an Au-tip.

3.4 AFM-IR study: bottom-up illumination with an Au-tip

Models have highlighted the complex orientation of the elec-
tric field when using an Au-tip. It generates a heterogeneous
enhancement through the fibril. To illustrate these complex
effects, AFM-IR spectra of amyloid fibrils are shown in Fig. 5,
which compares the results obtained with the system using a
bottom-up illumination either with an Si-tip or an Au-tip. We
observe an absorption signal around 2× larger with the Au-tip
than with the Si-tip. AFM-IR spectra were normalized by the
area of the amide I band (Fig. SI 2†).

With both tips and polarization, the Aβ fibrils exhibit
spectra with a high absorption centered at 1632 cm−1 with a
shoulder at around 1662 cm−1. Nevertheless, with the Au-tip,

Fig. 4 Finite element simulation of the electric field induced in fibrils by an Au-tip: p-polarization (a) cross-section along the fibril axis (b) perpen-
dicular cross-section; s-polarization (c) and (d). Electric field intensity (colored scale) and orientation (arrows) are represented only in the fibril. Scale
bar 5 nm. (d) The electric field is perpendicular to the cross-section.

Fig. 5 Au-tip enhancement: normalized AFM-IR spectra of amyloid fibrils of (a) Aβ, (b) α-syn; (c) PrP. Black curve corresponds to Si-tip, red curve to
Au-tip – solid lines for s-pol and dashed lines for p-pol. All results were obtained with bottom-up illumination.
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the ratio between the 1632 cm−1 band and the 1662 cm−1

band (A1632/1662) differs from the one measured using a Si-tip:
A1632/1662 for Si-tip are 2.3 and 2.1 and for Au-tip are 1.4 and
1.2 for s-pol and p-pol, respectively. α-Syn fibrils also have two
major bands centered at 1627 cm−1 and 1662 cm−1. The behav-
ior due to changes in polarization is the same as that of Aβ,
but the differences in terms of intensity are smaller between
the Si-tip and Au-tip. The A1627/1662 ratio is 2.0 with the Au-tip
compared with 2.5 obtained during Si-tip measurements. For
PrP fibrils, we observe the two bands centered at 1629 and
1659 cm−1 with both polarizations and tips but the 1629 cm−1

band is slightly higher with s-pol. The effect of Au-tip on PrP
protein is not significant as, the A1627/1662 ratios for the Au and
Si-tip are close to 1.1 with s-pol and 0.9 for p-pol.

The effects of using an Au-tip on spectra seem to be
difficult to interpret; with an Au-tip, the A1627/1662 for α-syn and
Aβ are damped whereas PrP fibrils seem to be unaffected.
Either the proportion of β-sheet is lower in PrP protein or the
secondary structure fibrils are more heterogeneously distribu-
ted along his diameter, which can lead to changes in the
spectra due to the local enhancement observed with the simu-
lations (Fig. 4c). Consequently, the use of an Au-tip in bottom-
up illumination globally disturbs the intensities of some
absorption bands (especially β-sheet) and should be employed
with extreme caution if not prohibited when a fitting pro-
cedure is employed for secondary structure determination. The
use of this setup is possible for qualitative study (benefit from
the Au enhancement), but the results obtained cannot be
extrapolated from one protein to another as the evolution of
the band ratio is highly dependent of the inner structure of
fibrils (as seen in Fig. 5).

3.5 AFM-IR study: bottom-up versus top-down illumination

The top-down illumination is preferred by users as it is more
versatile and seems to offer a better signal to noise ratio. Thus,
to study nano-assemblies, this configuration seems to be more
appealing.

The results obtained with the top-down illumination
(Fig. 6) highlight huge discrepancies between both configur-

ations. With top-down illumination for Aβ and α-syn, the
amide I band is centered at 1655 with a shoulder at 1680 cm−1

and a smaller one at 1632 cm−1. Whereas with the bottom-up
illumination, amide I is centered at 1632 cm−1 with a shoulder
at 1662 cm−1. For PrP, those discrepancies are weaker: the
amide I band is centered at 1652 cm−1 with two shoulders at
1640 cm−1 and 1680 cm−1, whereas it is clearly composed of
two maxima centered at 1659 and 1620 cm−1 with the bottom-
up illumination configuration.

For the three species, the shape of the amide I band
obtained with the top-down illumination is not comparable to
the one obtained with bottom-up illumination. The β-sheet
absorption band (1630–1610 cm−1) is either drastically lowered
and/or shifted to a higher frequency or even absent in all
spectra obtained with top-down illumination (blue curves in
Fig. 6). The more pronounced differences can be observed for
α-syn and Aβ. The maximum of the spectra is shifted from
1630 cm−1 to 1655 cm−1. Noteworthy, a technical artefact is
also present in those spectra. A shoulder around 1680 cm−1

arises due to the transition between two stages of the QCL
laser source belonging to the top-down illumination equip-
ment (different for bottom-up illumination system).

With this configuration, we can observe also a new weak
shoulder on Aβ and α-syn spectra around 1720 cm−1. It has
been previously reported by Ruggeri et al. at around 1710 cm−1

for huntingtin.17 Partouche et al. have also reported a peak at
1745 cm−1 and proposed it was assigned to a synthesis con-
tamination (trifluoroacetic acid).19

We notice that this specific band is revealed with the
system using a top-down illumination in our experiments but
was observed in top-down and bottom-up illumination by
Ruggeri et al.16,17 The origin of this extra band is still unclear
and we cannot exclude contamination, side chain absorbance
or illumination effects. For sure, those discrepancies, shown in
Fig. 6, are not solely due to the use of Au-tip. Thus, with the
top-down configuration, there are band deformations and
shifts mainly due to the illumination configuration and prob-
ably combined with the enhancement induced by the use of
an Au-tip. Therefore, the top-down configuration should be

Fig. 6 Bottom-up illumination with an Si-tip (black curves) or an Au-tip (red curves) and top-down illumination with the Au-tip (blue curves), all
data are obtained on p-pol: (a) Aβ, (b) α-syn and (c) PrP fibrils.
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preferred for anisotropic sample or thick sample (<100 nm)
due to its higher signal to noise but polarization effect should
be considered for structural analysis. The bottom-up illumina-
tion should be preferred even with an Au-tip for highly-
oriented proteins with thickness below 10 nm.

3.6 Structural analysis: comparison between ATR-FTIR and
AFM-IR results

Previously, it has been demonstrated that structural analysis of
amyloid fibrils could be performed using infrared spec-
troscopy like ATR-FTIR.35

In this section, the AFM-IR spectrum is compared with
ATR-FTIR spectra. To evaluate the similarities between both
spectra, hierarchical cluster analysis (HCA) is applied.43 This
method is commonly used to discriminate cell lines or gram
type bacteria. The distance between each spectrum is calcu-
lated in the n-space domain, where n is the number of wave-
numbers considered. An organigram is obtained with the dis-
tance between all spectra. Based on this organigram we can
determine which AFM-IR setup provides the closest results to
FTIR measurements looking at the position of the spectrum
obtained for each setup compared with the ATR-FTIR one. In
Fig. 7, the HCA results are presented for the different fibrils.
For each fibril, the ATR-FTIR is in the center of the diagram in
green and the closest spectra obtained with the different
AFM-IR setups in blue. For the three proteins, the closest spec-
trum in the organigram is always the one obtained with the
bottom-up configuration using a Si-tip and s-polarization
while spectra obtained with the top-down illumination is
always the farthest (in red Fig. 7). This quick analysis confirms
that the bottom-up configuration using a Si-tip and s-pol is the
most appropriated configuration to perform a structural ana-
lysis. Furthermore, in the case of PrP, the Euclidian distance
between the different data are smaller than that for the other
proteins (300 to 1000), confirming a smaller effect of the Au-
tip or the top-down illumination for this sample.

To analyze the secondary structure of those samples, a curve
fitting procedure was performed on both ATR-FTIR and AFM-IR
spectra. The spectra are fitted with five components corres-
ponding to the following secondary structures: β-sheet, random

coil, α-helix, and two bands for the turns. The integral of each
fitting bands provides the % of the different structures.

Fig. 8 shows the results for α-syn; the fitting procedure pro-
poses that the β-sheet structure (maximum at 1628 cm−1) rep-
resents: (i) 72% in the case of ATR-FTIR data and (ii) 73% in the
case of AFM-IR data (bottom-up configuration with a Si-tip and
s-pol). It is reported that this protein possess 73% of β-sheets.25

In Table 2, the results of all spectra fitting of the different pro-
teins are reported (the fitting and spectra are shown in Fig. SI
3–5†). First, the results obtained in the case of AFM-IR data
(bottom-up configuration with a Si-tip and s-pol) are in good
agreement with % of β-sheets calculated from the FTIR data.
Second, this table clearly illustrates the high deviation that can be
observed between bottom-up and top-down configurations. For
example, only 17% β-sheet is identified for α-syn when fitting the
data obtained in the top-down configuration.

The AFM-IR results with a Si-tip and a s-pol are always in
good agreement with the ATR-FTIR, with only few % of errors,
which is in the error of the method (around 10%).11 The % of
random and α-helix structures are given for information. As
the exchange with deuterium was not done, it is difficult to
differentiate those two structures from one another.44

3.7 Structural analysis of functional amyloid-like fibrils

The same investigations have been performed on a protein in
bacteria called Hfq in which the C-terminal region is known to
form amyloid-like fibrils.45 This region is required for Hfq to
form a membrane-associated coiled structure.46 Unfortunately
there is no high-resolution structure of this part of Hfq, only
information based on infrared analysis of a solution that con-
tains different aggregated species (from oligomers to fibrils).
Unlike pathologic amyloid fibrils, Hfq amyloid structures
appear only in vitro at a high concentration and the concen-
tration of Hfq amyloid fibrils decreases with dilution.
Therefore, there is an equilibrium between fibrillary species
and other forms and a purification step of Hfq fibrils is
required to perform structural analyses. This step is not
required for AFM-IR experiments: thanks to the topography,
fibrillar structures can be selected and the IR signature of this
insoluble transitory structure can be obtained.

Fig. 7 Hierarchical cluster analysis for (a) Aβ, (b) α-syn and (c) PrP. The spectra are separated based on their Euclidean distance from each other
(separation done on amide I band from 1700 to 1600 cm−1). Shorter the connection is, the closer the spectra are. The name in green shows the
ATR-FTIR spectra, in blue the closest spectra and in red the farthest.
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Fig. 9b shows the spectra obtained with a bottom-up con-
figuration with a Si-tip and s-pol. The spectrum presents a
maximum of absorption centered at 1612 cm−1 with two

shoulders at 1637 and 1658 cm−1. The spectra obtained with
the four other AFM-IR configurations are presented in ESI
Fig. SI 6.† The trend observed with Aβ is also observed in Hfq
fibril spectra. That is, there is an important decrease of the
ratio between the 1612 cm−1 band and the 1658 cm−1 band
when using an Au-tip and a shift of frequency to higher wave-
number with the top-down illumination.

The structural analysis is thus performed using the spectra
obtained with the bottom-up configuration with a Si-tip and
s-pol. The results of the deconvolution are shown in Fig. 9b.
The β-sheet content seems to be the major component and
represents around 66% of the total structure. The rest of the
assembly seems to have around 11% of random structure, 16%
of α-helix and 7% of turns. The percentage of β-sheets from
the ATR-FTIR is only 35%, 32% of random, 9% of α-helix and
24% of turns (Fig. 9a).

The percentage of β-sheet content obtained with ATR-FTIR
is in good agreement with the one reported in the literature
(42% in solution).45 The difference observed may be explained
as we worked on dried material in the present analysis.
Nevertheless, the value obtained with AFM-IR is much higher
(66%). This difference could come from the fact that the Hfq
solutions are highly heterogeneous (easily observed during
AFM measurements and already reported by Partouche et al.19)
and the deposit contains several aggregated species. Here we

Fig. 8 Secondary structure analysis of α-syn: (a) ATR-FTIR, (b) AFM-IR bottom-up configuration with a Si-tip and s-pol and (c) AFM-IR with top-
down illumination with Au-tip at p-pol. The colored dashed line corresponds to the curve fitting for the different components and solid line to the
spectra, the results of the fitting are reported in Table 2.

Table 2 Curve fitting results for ATR-FTIR and AFM-IR spectra of the
different amyloid fibrils. The β-sheet content in green is for the ATR-FTIR
spectrum, in blue for the closest spectra and in red the farthest, as
shown in Fig. 7. The corresponding curve fitting figures with all the
fitting are available in the ESI Fig. SI 3–5 and Table SI 1†

Fig. 9 Secondary structure analysis of Hfq: (a) ATR-FTIR, (b) AFM-IR bottom-up configuration with an Si-tip and s-pol. The dashed line corresponds
to the curve fitting and the percentage of each structure are reported on the table on each spectrum.
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clearly benefit from the high resolution offered by the system.
AFM allows us to select directly the fibril shape, avoiding the
aggregates, leading to a more accurate value for the β-sheet
content of the fibrils.

4. Conclusion

For the first time, a complete study of three different amyloid
fibrils (Aβ, α-syn and PrP) was performed using polarized
resolved AFM-IR in different illumination configurations and
using two types of AFM probes. Several other polarized-
resolved AFM-IR studies,41,47–55 were performed using either
the bottom-up or top-down illumination configuration, but
none of them has discussed in detail the effect of these
different illumination and tip’s gold-coating.

For the amyloid-like structure, only one team has presented
results on a sample with a thickness of 150 nm (hundreds of
fibrils), avoiding, at this scale, the gold enhancement effect.52

The results presented here are related to nano-assemblies with
a size below 10 nm which exhibit highly oriented chemical
groups (here CvO bonds along the amyloid fibril axis).

The first parameter discussed is the influence of the inci-
dent polarization when using an Au-tip. We have seen that,
due to the constraint of illumination, s-polarization leads to
an orientation of the local electric field in the plane of the
sample. While with a p-polarization the distribution of the
local electric field is complex and possess two components,
one vertical to the surface and a smaller one in the plane (due
to Pz curvature and due to Px contribution). For example, with
Y-aligned amyloid fibril, the β-sheet structure is aligned along
the X-axis and the stretching of the amide I is also Y-aligned,
therefore at s-polarization the β-sheet absorption is detected
but not at p-polarization although a fibril aligned on the X-axis
can be detected by a p-polarization and not by the
s-polarization.

Moreover, the model proposed shows that the gold-coating
of the tip bends the electric field line in close proximity to the
apex of the tip. It should only influence the sample at a short
distance (3 nm). Thus, the global incident polarization is
maintained for a thick sample (>100 nm) but it leads to a
complex AFM-IR response for objects below 10 nm. Therefore,
it is difficult to interpret the resulting spectra. For the
moment, those models cannot explain the origin of the differ-
ences observed from one amyloid-like fibril to another as it
does not take into account the orientation of the molecules
themselves within the fibrils. If the model can be optimized in
this direction, it might be able to explain the different results
obtained on the Josephin domain of the ataxin-3 obtained
with bottom-up illumination,16 polyQ from huntingtin protein
analyzed by top-down illumination,17 Aβ42 fibrils obtained on
bottom-up illumination18 and Hfq obtained by top-down
illumination.19

The second parameter discussed is the influence of the tip
on the AFM-IR signal. In bottom-up illumination, either Si-tips
or Au-tips (to locally enhance the electric field) could be used.

We have shown that the signal obtained with the Au-tip is
different from the one with the Si-tip. Unfortunately, this
enhancement affects the local polarization and modifies the
orientation of the electric field which leads to the deformation
of the IR spectra for the oriented object. For example, with Aβ
protein, A1632/1662 decreases when the Au-tip is used. The
orientation of the local enhanced electric fields induced by
the gold does not match the orientation of the CvO vibration
of the β-sheet structure. As a consequence, structural analysis
of the spectrum obtained with the Au-tip seems difficult to
trust and finally only spectra obtained with the Si-tip seems
reliable.

The third point discussed is the illumination configuration.
For the top-down illumination, only the Au-tip is used. As
described previously, the gold coating has an influence on the
IR spectra. The discrepancies observed with the Au-tip are
more pronounced with the top-down illumination. Probably
because of the excitation source feature, in bottom-up illumi-
nation, the excitation source is an evanescent wave whereas in
top-down illumination the excitation is direct.

For the amyloid fibrils, the β-sheet band in the amide I
region almost vanishes with top-down illumination. For fibrils
with a high β-sheet content (Aβ, α-syn), the maximum of the
amide I band shifts from 1630 cm−1 to 1655 cm−1 and a
shoulder at 1720 cm−1 can be observed. For fibrils with a lower
β-sheet content, the position of the amide I band seems to be
conserved, but with a decrease of the β-sheet band around
1630 cm−1. Due to the band deformation and the frequency
shift with the top-down illumination and Au-tip, structural
analysis seems compromised.

As a consequence, to structurally analyze amyloid fibrils, we
suggest using a system with a bottom-up illumination, s-polar-
ization and an Si-tip.

Indeed, the clustering analysis between the ATR-FTIR and
AFM-IR spectra clearly demonstrate that the best similarities
with the ATR-FTIR spectrum are obtained with the bottom-up
illumination with the Si-tip and s-polarization, whereas the
worst is obtained with the top-down configuration. To further
quantify the similarities, structural analysis based on spectral
deconvolution has been performed. The results clearly proved
that the best solution to investigate the secondary structure of
such protein assemblies is to use the AFM-IR set-up with a
bottom-up illumination and Si-tips. In this case, the secondary
structure analysis gives results comparable to ATR-FTIR with
only a few percentages of difference. Furthermore, those
results are even more robust if the polarization of the incident
IR source is s-polarization especially for isolated fibrils. Based
on this conclusion, we were able to analyze the structure of the
Hfq fibrils with 10 nm diameter and length of few
micrometers. Hfq only forms fibrils at a high concentration.
Under this condition, the fibrils are probably not the major
component of the mixture analyzed, and oligomers and non-
amyloid Hfq forms are also present. By ATR-FTIR, only the
averaged structures are probed, as we cannot differentiate
species. With AFM-IR, the topography image allows us to
select only the fibrils leading our analysis to estimate the
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β-sheet content close to 64% clearly different from the 42%
measured by ATR-FTIR.

Finally, in this paper, we have clearly demonstrated that
gold-coated AFM probes are not recommended for fine struc-
tural analysis of isolated fibrils. Nevertheless, due to their
better signal to noise ratio, the study of objects below 10 nm is
easier with this configuration that remains perfectly relevant
for non-oriented samples. Improving the signal to noise ratio
without any change in the spectra is thus a major challenge.
Different strategies have been already proposed, such as using
a specifically designed tip with an internal resonator56 or a
new detection with a photonic transducer.57 The better signal
to noise ratio will improve the quality of the structural analysis
and reduce the difference observed with ATR-FTIR. Indeed, the
combination of the analysis of the morphology and infrared
signature both at the nanoscale opens new possibility for
characterization. The ability to analyze transitory or insoluble
species based on their topographic selection is unique and
AFM-IR is the most suited technique that will help with
research on amyloidosis by providing deeper understanding of
the secondary structure of proteins during aggregation
kinetics.
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