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ABSTRACT
Amyloid fibrillation is the root cause of several neuro as well as non-neurological disorders.
Understanding the molecular basis of amyloid aggregate formation is crucial for deciphering various
neurodegenerative diseases. In our study, we have examined the lysozyme fibrillation process using
nano-infrared spectroscopy (nanoIR). NanoIR enabled us to investigate both structural and chemical
characteristics of lysozyme fibrillar species concurrently. The spectroscopic results indicate that lyso-
zyme transformed into a fibrillar structure having mainly parallel b-sheets, with almost no antiparallel
b-sheets. Features such as protein stiffness have a good correlation with obtained secondary structural
information showing the state of the protein within the fibrillation state. The structural and chemical
details were compared with transmission electron microscopy (TEM) and circular dichroism (CD). We
have utilized nanoIR and measured infrared spectra to characterize lysozyme amyloid fibril structures
in terms of morphology, molecular structure, secondary structure content, stability, and size of the
cross-b core. We have shown that the use of nanoIR can complement other biophysical studies to ana-
lyze the aggregation process and is particularly useful for studying proteins involved in aggregation to
help in designing molecules against amyloid aggregation. Specifically, the nanoIR spectra afford higher
resolution information and a characteristic fingerprint for determining states of aggregation.
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Introduction

Understanding the mechanism of protein folding which ren-
ders proteins in their functional state is of fundamental
importance. Some proteins fail to fold correctly, misfold and
aggregate under various cell conditions and result in a wide
range of diseases (Dobson, 2001; Pepys, 2006). Protein mis-
folding and aggregation is the molecular and biochemical
basis of pathological conditions in many neurodegenerative
diseases including Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, amyotrophic lateral sclerosis and others
(Fatima, Islam, Ahmad, & Salahuddin, 2017; Stefani, 2004).
These neurodegenerative diseases are often associated with
the extracellular insoluble deposits called amyloid fibrils that
can lead to the damage of tissues (Kelly, 1998). Amyloid fibrils
along with non-fibrillar oligomers populate in the brain of
patients and produce the cytotoxic effect (Bucciantini et al.,
2002; Campioni et al., 2010; Meyer-Luehmann et al., 2008; Xue
et al., 2009). The complexity of these protein aggregation dis-
eases, despite progress toward understanding aggregation, is
difficult to determine (Lansbury & Lashuel, 2006). Although
the pathway by which an amyloidogenic protein assembles

into amyloid fibrils remains poorly understood, a growing
body of evidence suggests that the formation of linearly
ordered protein aggregates involves structural intermediates
that assemble into increasingly complex quaternary structures,
including amyloid protofilaments, which ultimately assemble
into amyloid fibrils (Chiti & Dobson, 2006; Kelly, 1998).
Surprisingly, the formation of fibrils does not depend on the
amino acid sequence, overall structure, and function of the
protein and consists of a core structure mainly containing
cross-b-fiber (Sunde et al., 1997; Sunde & Blake, 1997).
Although, the understanding of diseased proteins such as
amyloid peptides (Ab) (Dutta & Basu, 2020; Grasso, Leanza,
Morbiducci, Danani, & Deriu, 2019; Shuaib, Saini, Goyal, &
Goyal, 2020; Turner, Mutter, & Platts, 2019) and their inhibition
(Ghorbani, Soleymani, Allahverdi, Shojaeilangari, & Naderi-
Manesh, 2019; Liu, Ma, Sang, & Lu, 2019; Narang, Goyal, &
Goyal, 2019) is documented, there is still a need to explore
the fibrillation process for better therapeutics.

Lysozymes have been studied extensively and their physio-
chemical properties have been examined in detail. Lysozymes
are suitable as a model protein to elucidate the mechanism of
amyloid fibril formation. Lysozyme is also associated with
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familial lysozyme systemic amyloidosis, where amyloid deposits
form in patients due to mutations in the protein (Dumoulin,
Kumita, & Dobson, 2006; Pepys et al., 1993). The amyloidogenic
mutations are unstable forming partly folded intermediates,
with transformation of the mainly helical native fold to the
amyloid fibril cross-b fold (Furkanet al., 2019; Masino et al.,
2011; Swaminathan, Ravi, Kumar, Kumar, & Chandra, 2011).

NanoIR spectroscopy is a newly developed analytical tech-
nique, providing chemical analysis using infra-red (IR) laser as
well as spatial resolution via atomic force microscopy (AFM)
(A. Dazzi, Prazeres, Glotin, & Ortega, 2005). The IR radiation
interaction with the sample locally heats the sample, which
leads to rapid thermal expansion of the sample. This local
expansion is detected by the cantilever tip and can be meas-
ured, making it possible to extrapolate the amplitudes and
oscillations for further analysis (Dupas, Gremaud, Kulik, &
Loubet, 2001). Recently, poly-glutamine (polyQ) repeat con-
taining proteins involved in Huntington’s disease were
studied detailing their fibrillar aggregates and provided novel
insights into the molecular and structural basis of aggrega-
tion and toxicity (Ruggeri et al., 2016). Similarly, aggregation
of the Josephin domain of ataxin-3, implicated in spinocere-
bellar ataxia-3, was investigated and characterized (Ruggeri
et al., 2015). This study describes the associated oligomeric
and fibrillar species formed during amyloid aggregation.
With the ability to obtain spatially resolved IR spectra, high-
resolution chemical images collected at specific IR wavenum-
bers and the ability to control IR excitation laser, it is pos-
sible to obtain pertinent information regarding molecular
orientation in electrospun nanofibers (Dazzi et al., 2012).

In this work, we used nanoscale infrared spectroscopy to
study the lysozyme aggregation and fibrillization. We correlated
the morphological, mechanical and secondary structural proper-
ties of lysozyme aggregates at the nanometer scale. The study
of the amyloidogenic structures revealed the formation of
b-sheet formation during fibrillation. We have used other bio-
physical techniques like transmission electron microscopy and
circular dichroism to complement and validate the results. The
fibrils were produced by incubating the protein at high tempera-
tures. Lysozyme is a common model protein for studies of amy-
loidogenesis, as it easily forms amyloid-like fibrils with b-pleated
sheet structure under various conditions (Antosova et al., 2011;
Gazova, Siposova, Kurin, Mu�caji, & Nagy, 2013; Swaminathan
et al., 2011). Our results delineate the characteristic features of
different species of fibrils and also highlight the use of nanoIR
for characterizing such amyloid fibrils or aggregates.

Material and methods

Formation of lysozyme fibrils

Hen egg-white lysozyme was prepared in distilled water
adjusted to pH 2 with HCl. The final protein concentration
was 1mM (molecular weight of lysozyme ¼14.3 kDa, extinc-
tion coefficient, e1% ¼26.4 at 280 nm). Aliquots were incu-
bated at 65 �C for 21 days to allow sufficient fibrillization to
occur (Harte et al., 2015; Krebs et al., 2000) and sample was
taken at various day intervals. Control lysozyme was pre-
pared fresh on the day at room temperature at pH 2.

NanoIR measurements

Nanoscale IR spectra were recorded using a Nano-IR2 plat-
form (Anasys, CA, USA) that combines high-resolution AFM
and a tunable infrared laser (OPO laser). A background IR
spectra were measured at 100% IR laser power where three
single spectra were collected and averaged at 4 cm�1 spec-
tral resolution. The protein samples were deposited on a
coverslip glass surface. The samples were left in a nitrogen
gas chamber to dry. The AFM-IR measurements were per-
formed in contact mode using a gold-coated cantilever with
a nominal radius of 25 nm probes, Model: PR-EX-nIR2-10, res-
onance frequency (kHz): 13 þ/�4 kHz, spring constant (N/m):
0.07� 0.4 Nm�1. The AFM-IR probes are gold coated, micro-
fabricated silicon probes that are �450 microns long. AFM
images were collected with a scan rate of 1 Hz and an area
of 60 mm X 60 mm was investigated. AFM-IR spectra were
acquired within a wavenumber range of 1200–1800 cm�1,
using 16 scans per spectrum and 4 cm�1 spectral resolution.
Multiple spectra were collected from different regions using
the array mode function with an achievable spatial resolution
of 30 nm and the spectra were averaged from at least 20
measurements. AFM-IR chemical images were recorded at IR
power of 8.1% and oscillating frequency centered at 200 kHz
with a spatial resolution of 10 nm. The Nano-IR imaging was
performed with a rate line of 0.1–1Hz. The AFM, IR spectra
and images were treated using the built-in Anasys software
(Analysis Studio v3.14, 2017). The height and infrared peak
and amplitude images were first-order flattened. The spectra
were smoothed using a Savitzky–Golay filter and drawn with
Origin PRO 8, 2018. All measurements were performed at
room temperature.

Mechanical properties analysis

The mechanical properties of the samples were measured by
a new method known as amplitude modulation frequency
modulation (AM-FM) carried out by a MFP-3D AFM system
(Oxford Instruments Asylum Research, USA) using an
AC160TS cantilever with tip - Al reflex coated Veeco
model–OLTESPA (Olympus, Japan). This mode is an extension
of standard Tapping mode, while the cantilever is excited
simultaneously at a fundamental resonant frequency and
another eigenmode. The mechanical properties were deter-
mined by tracking the frequency and amplitude-shift of
other eigenmodes. The obtained frequency shift DfDf was
used for estimating the interaction stiffness DkFM DkFM by
the approximation

DkFM � 2kc
Df
fc

(1)

where kc represents the spring constant of the cantilever
and fc is the frequency of the eigenmode of the cantilever. A
general Hertz model describing the contact mechanics
between the tip and sample was used to obtain the Young’s
modulus and stiffness of the analyzed sample. The calibra-
tion of the cantilever and calculation of its elasticity was car-
ried out using polystyrene standard with known Young’s
modulus (3.3 GPa). This obtained cantilever elasticity was
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then used for obtaining absolute values of Young’s modulus
of analyzed samples.

Transmission electron microscopy (TEM)

Lysozyme solutions of 10 lM concentration were applied to
carbon-coated copper grids, blotted, washed, negatively
stained with 2% uranyl acetate, and air-dried. The grids were
analyzed with an FEI Talos F200C transmission electron
microscope operating at an accelerating voltage of 80 kV.
The images were analyzed by TEM imaging and analysis soft-
ware provided with the microscope.

Circular dichroism (CD)

To investigate the secondary structural content in lysozyme
with increasing fibrillation and their change as a function of
temperature, CD experiments were carried out. CD spectra
were obtained using a Chirascan CD spectrometer (Applied
Photophysics) equipped with a water bath to control the
temperature at 25 �C. The temperature for the experiments
was controlled with a Peltier temperature control unit
(Quantum northwest). The concentration of lysozyme was
10lM. Cells with path lengths of 1mm were used for far-UV
(from 190 to 250 nm) data acquisition. Three scans were
averaged to obtain each spectrum and the final spectra of
lysozyme were obtained by subtracting it from buffer spec-
tra. The results were plotted as mean residue ellipticity (MRE)
in deg.cm2.dmol�1.Secondary structure determination from
the far-UV CD spectra was performed by using the CONTIN
with spectral basis sets derived by Sreerama and Woody
(Sreerama & Woody, 1993).

For thermal melting experiments, temperature scans were
done with temperatures starting from 25�C to 90�C, with a
temperature ramp of 3 �C/min. Heat-induced spectral
changes were followed at two different wavelengths, 222
(for a-helices) and 218 nm (for b-sheets).

Principal component analysis

We performed the PCA by using an eigen-decomposition
procedure on mean-centered data, using the ‘prcomp’ func-
tion in ‘stats’ package, ‘factoextra’ package (version 1.0.5,
https://cran.r-project.org/web/packages/factoextra/index.html)
and ‘plot3D’ (version 1.1.1, https://cran.r-project.org/web/
packages/plot3D/index.html) package for visualizing the PCA
plots in R (version 3.4.4). Analysis was performed on
smoothed and baseline corrected spectra.

Hierarchical cluster analysis (HCA)

HCA was applied to compare the 2 sets of spectral samples
from day 1 to 21 of the experiment based on the PCA pro-
jections in 3-dimensional score space using the ‘A2R’ pack-
age (http://addictedtor.free.fr/packages/A2R/lastVersion/html/
A2Rplot.html) in R. HCA was used to group samples of spec-
tra that displayed the same degree of similarity by

calculating the Euclidean distance between all the data
points using Ward’s algorithm. The result was visualized in
a dendrogram.

Machine learning for nano IR

To discriminate the two species (lysozyme oligomers and
lysozyme fibrils) we used an interpretable tree-based
machine learning model enabled by Random
Forests(Breiman, 2001) based on ratios of spectral features
(such as amide I, amide II, amide III, parallel b-sheet, antipar-
allel b-sheet and band at 1400 cm�1). Random Forest (RF)
adopts ensemble based supervised white-box learning tech-
niques and its algorithm applies the general technique of
bagging or bootstrapped aggregating(Breiman, 1996) to
decision tree learners and is an ultimately collection of deci-
sion trees.

Results

Amyloid formation is linked to various human diseases,
although the detailed mechanisms causing amyloid forma-
tion still remain a challenge, primarily due to their nanoscale
dimensions and heterogeneous nature. NanoIR allows direct
measurements and correlation of the biophysical properties
of protein aggregates at the nanoscale level.

Morphological characteristics of lysozyme oligomers
and fibrils

The formation of lysozyme amyloid fibrils is well docu-
mented and can be achieved by high temperature and low
pH conditions (Kar et al., 2016; Vuong et al., 2013). We
formed lysozyme amyloid fibrils under acidic condition, at
pH 2.0, incubating the protein sample at 65 �C. We deposited
the lysozyme sample on glass coverslip and incubated it in a
nitrogen stream for 1 h before measuring the height and
spectra (Supplementary Figure 1). The height and deflection
of day 21 fibrils differed compared to day 1 (Figure 1). The
day 21 fibrils were thick and long with an average height of
215 nm and average cross-sectional dimensions (in-plane dis-
tances) up to � 11.5 mm while the average surface cross-sec-
tion (surface distance) � 11.74mm (Figure 1(a)). At day 1,
lysozyme forms blobs, which were thin and small, represent-
ing higher oligomeric species. The morphology of day 1
oligomers had height (vertical distance) ranging from 15 to
20 nm and average cross-sectional dimensions (in-plane dis-
tances) up to �530 ± 120 nm while the average surface cross-
section (surface distance) � 560± 140 (Figure 1(b)). The day
1 feature were distinct from day 21, representing two differ-
ent species. A statistical analysis of the day 1 species’ height
compared with that of day 21 species showed that their
average height increased as a function of the incubation
time during the process of fibrillization. The oligomeric spe-
cies at day 1 had an average height of � 15.2 nm, while the
fibrils at day 21 had an average height of �191 nm (Figure
1(b)). Similar results were observed for ataxin-3 fibrils
(Masino et al., 2011) which recapitulated the process of
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fibrillation undergoing various stages with higher oligomeric
and protofilaments as intermediates. Spectra were collected
from the coverslip glass substrate and compared with the
protein samples spectra in order to eliminate any possible
effect of the underlying substrate (Supplementary Figure 2).

Amplitude modulation-frequency modulation (AM-FM)
was implemented, along with nanoIR AFM, to obtain the
mechanical characteristics of fibrils and other structural spe-
cies. The stiffness and related Young’s modulus were

measured to analyze the relative fibrillation of lysozyme
(Figure 2). The stiffness increased with fibrillation (Figure
2(a)). The day 21 fibrils show broad stiffness compared with
lysozyme fibrils or oligomeric species obtained from shorter
incubations. The stiffness at day 1 was �0.02 (N/m) and
increased gradually reaching a maximum at day 10 and
maintaining the stiffness up to day 21 with a value of
�0.085 (N/m). The mean value of Young’s modulus for day
21 fibrils was 14.5 GPa, which is similar to day 10 fibrils
(Figure 2(b)). The stiffness, as well as Young’s modulus of
monomeric lysozyme (day 1) is significantly lower compared
to fibrillar structures of lysozyme.

Differential structural features of lysozyme species

The morphology map of the protein samples was used to
guide the AFM tip to different points of the substrate to col-
lect their respective IR absorption spectra (Figure 3a–d). This
approach was used to investigate, analyze and compare the
protein secondary structure of lysozyme proteins at day 21
and day 1 as well as to analyze their mechanical and bio-
chemical differences. The average of the IR spectrum for day
21 and 1 are shown in Figure 3c and d, respectively. The IR
absorption spectra were collected in the range of
1200–1800 cm�1 which is characteristic for amide bands I, II
and III of proteins.

Amide I, II and III spectral bands were used to study pro-
tein secondary structure. Amide I band primarily arises from
backbone C¼O stretching vibrations in the spectral range of
1700–1600 cm�1 and was found to vary in position, line
shape and intensity based on the backbone conformation

Figure 1. Surface topography (height), and IR absorption pattern (deflection) of the lysozyme fibrils/oligomers. (a) Height and (b) deflection on day 21. (c) Height
and (d) deflection on day 1. Data contributing to the IR-absorption map were acquired at a wavenumber of 1650 cm�1. The lysozyme sample was prepared in dis-
tilled water adjusted to pH 2 with HCl. The protein samples with the final protein concentration of 1mM, were deposited on a cover slip glass surface and the sam-
ples were left in a nitrogen gas chamber to dry before nanoIR measurements.

Figure 2. Stiffness and Young’s modulus of lysozyme fibrils. The day 1 lyso-
zyme was shown in red color, having the lowest stiffness as well as Young’s
modulus. The days 3, 10 and 21 were shown in maroon, blue and yellow color,
respectively.
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and secondary structure of the protein (Baldassarre, Li,
Eremina, Goormaghtigh, & Barth, 2015; Barth, 2007). Amide I
band is composed of many assignments such as b-sheet
within 1635–1610 cm�1; random coil at 1645–1630 cm�1;
a-helical at 1660–1650 cm�1; antiparallel b-sheet and b-turn
within 1695–1665 cm�1 (Supplementary Table 1).

IR spectra were collected from several representative
regions of the fibrillar lysozyme sample. At day 21, it was
dominated by amide I absorption in the range of
1600–1700 cm�1 (Figure 3(a, c)). The IR spectra of day 1 were
also dominated by amide I absorption in the range of 1600-
1700 cm�1 with strong absorption of amide II band at
1540 cm�1, (Figure 3(b d)). Curve deconvolution of the aver-
age IR spectrum was used to estimate protein secondary
structure content (Figure 3(a, c) for day 21 and Figure 3(b, d)
for day 1; Supplementary Figure 3)

The parallel b-sheet/a-helical and antiparallel b-sheet/
a-helical ratios were 35.00% and 12.32%, respectively, for day
1, while it was 43.75% and 0.3766%, respectively, for day 21,
indicating the presence of a-helix as well as b-sheet. The
amide III band at 1300 cm�1 was coupled with a second IR
band arising at �1400–1450 cm�1 and the relative ratio of
these two bands provides information about the oligomeriza-
tion and aggregation behavior of the protein (Roeters et al.,
2017; Ruggeri et al., 2016). The relative ratio of the peak at
1400–1450 cm�1/amide III band at 1300 cm was 2.671.

There was a significant increase in the parallel b-sheet
structure at �1625 cm�1 for day 21 compared to day 1. The
ratio of parallel b-sheet/a-helical was 43.75% for day 21
whereas it was 35% for day 1, indicating a shift toward

forming more parallel b-sheet strands. The absorption at
�1440–1400 cm�1 becomes very strong in the day 21 spec-
tra with a relative ratio (1400–1450 cm�1/amide III band at
1300 cm�1) of 55.45. The ratio was 2.67 in day 1 suggesting
that the day 21 lysozyme species was significantly different
from day 1 species. Spectral signature analysis of amide I
band of day 21 showed that the antiparallel b-sheet at
�1695 cm�1/parallel b-sheet at �1625 cm�1 was 0.00860
whereas at day 1 it was 0.3520. The antiparallel b-sheet at
1695 cm�1/parallel b-sheet at 1625 cm�1 on day 21 was close
to zero (� 0.05) and associated with an increased
1400–1450 cm�1/amide III ratio, indicating a characteristic
fibrillar species while day 1 represented higher oligo-
meric form.

The quantification showed that amide I band peak in the
lysozyme samples at day 1 appeared at 1655 cm�1 (a-helical
structure conformations), and the band significantly shifted
in the lysozome samples at day 21 and appeared at
�1625 cm�1 (parallel b-sheet structure) (Supplementary
Figure 3). The relative distribution of amide I components
can be determined from the second-derivative of the IR
spectra (Figure 4). The second-derivative spectra also
revealed that the amide I band of lysozome samples at day
21 was shifted from �1655 cm�1 (a-helical structure) to
�1625 cm�1 (parallel b-sheet conformation) (Figure 4).

Dynamics of lysozyme during fibrillation

CD spectra of lysozyme were collected and analyzed in far-
UV regions at various time intervals. The spectra were taken

Figure 3. nanoIR absorption spectra acquired at two different days. The amide I, II and III regions of the spectra were highlighted, which were used to derive the
secondary structure content of the lysozyme at day 21 and day 1. (a) and (b) represent the various number of the spectra taken of the lysozyme sample. (c) and
(d) represent averaged spectra of (a) and (b).
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after 24 h (day 1) was significantly different from the mono-
meric lysozyme (day 0) (Figure 5). The spectrum of native
lysozyme (day 0) had a high content of a-helical structure as
indicated by ellipticity signals at 208 and 222 nm. During fib-
rillation, monomeric proteins undergo internal structural
rearrangement with a cross b-sheet quaternary structure. The
far-UV spectra of day 21 indicated the typical b-sheet con-
taining protein (Kar et al., 2016) and are the fingerprint of
amyloid fibrils (Figure 5(a)). To analyze the features of the
structural changes, secondary structure compositions of the
protein were calculated from the CD spectra (Supplementary
Table 2). The a-helical content decreased with fibrillation and
the content of b-sheet structure increased as also observed
in nanoIR studies. These results suggest that the

conformation of lysozyme transforms from an a-helical struc-
ture to a b-sheet structure during fibrillation.

Visualization of lysozyme was also performed with TEM,
where the typical morphology of amyloid fibrils was
observed. We observed the fibrillar structure from day 3. The
TEM images of the lysozyme fibrils (Figure 5(b)) were linear
and unbranched with similar morphology comparing sam-
ples from different incubation times. The mature fibrils were
twisted with an average diameter of around 8� 12 nm. All
known amyloid fibrils, regardless of the nature of the main
protein component or the source of the fibrils, are about
10 nm wide, and have no branch points (Sunde & Blake,
1997). Similarly, in the electron micrographs, the lysozyme
precipitates displayed a typical amyloid protofilament form,

Figure 4. The second derivative absorption spectra acquired at two different days, day 21 and day 1. (a) The day 21 spectra taken from wavenumber 1800 to
1200 cm�1. (b) The day 1 spectra taken from wavenumber 1800 to 1200 cm�1. (c) Averaged spectra of (a) and (b) representing wavenumber from 1800 to
1500 cm�1. (d) Averaged spectra of (a) and (b) representing wavenumber from 1500 to 1200 cm�1.

Figure 5. Secondary structural dynamics and morphological features. (a) Far-UV CD spectra of lysozyme at various day intervals. The spectra were measured using
a Chirascan CD spectrometer at 25 �C. The concentration of lysozyme was 10 lM and the cell path lengths were of 1mm were used for far-UV (from 190 to
250 nm) data acquisition. Three scans were averaged to obtain each spectrum and final spectra of lysozyme was obtained by subtracting it from buffer spectra. (b)
The TEM images of lysozyme amyloid fibrils. Electron micrograph showing the morphological features of a negatively stained preparation of 10 lM lysozyme incu-
bated at 65 �C for various days. Amyloid fibrils of lysozyme have linear and unbranched structural morphology.
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having a diameter of 70 Å with no branching (Goda
et al., 2000).

Chemometric and hierarchial clustering of lysozyme
fibrils/oligomers

We performed principal components analysis (PCA) to distin-
guish the spectral differences measured between the sam-
ples on day 21 and day 1. PCA helps in deciphering the
subtle differences within the spectra as well as in back-
ground reduction (Ruggeri et al., 2015, 2016). The IR spec-
trum of wavelengths between wavenumbers 1750 cm�1 and
1270 cm�1 were used for PCA analysis. The score plots from
the PCA analysis represent the spectra of these samples in a
3-dimensional space of PCs. The score plot enabled analysis
showing that the first PC captures more than 95% of the
total variance in the data while the second and third PCs
capture 2% and 1.4% of the total variance in the data,
respectively (Figures 6(a,b)). The loadings plot shows which
wavelengths are responsible in the data set for the max-
imum degree of separation inside this spectral collection
(Figure 6(c)). The loading corresponding to PC1 is negatively
correlated with all the wavelengths as observed in Figure 6c
and PC1 helps to clearly distinguish the spectral samples
belonging to the day 1 experiment (negative values in PC1
dimension i.e. oligomers from the spectra for the day 21
experiment) (positive values in PC1 dimension i.e. amyloid
fibrils as depicted in Figure 6(b)). PC1 can explain majority of
the regions of the spectra considered during chemometric
analysis (Figure 6(d)). In particular, PC1 has high R2 and
hence can explain well the regions between the wavelengths
1750–1620, 1590–1510, and 1480-1370. PC 2 has a contribu-
tion in the wavelengths between 1620 and 1590 cm�1 and
wavelengths between 1370 and 1300 cm�1. Similarly, PC3
can explain variations in the regions between the wave-
lengths 1300–1270 cm�1. All other principal components
would be associated with the noise in the spectral collection
as these 3 PCs together explain approximately 99% of the
variance in the data (Figures 6(a,b)).

We next generated a hierarchical dendrogram of all the
spectral samples belonging to the day 1 and day 21. For
each cluster, we generated the representative low-dimen-
sional embedding for that cluster by taking a mean over all
the points in Figure 8b that belong to either day 1 or day
21. We then generated a dendrogram using the ‘A2Rplot’
function from the A2R package (‘Generic plot function for
package A2R,’ n.d.) in R. The resulting dendrogram was
showcased in Figure 6e.

In order to identify differences based on ratios of distinct
features (such as amide I, amide II, amide III, parallelb-sheet,
antiparallel b sheet, etc.), we used a tree-based machine
learning model namely Random Forests (Breiman, 2001). The
RF algorithm applies the general technique of bagging or
bootstrapped aggregating (Breiman, 1996) and has been
shown to work well on many bioinformatics problems (Mall,
Cerulo, Bensmail, Iavarone, & Ceccarelli, 2017; Mall, Cerulo,
et al., 2018; Mall, Ullah, Kunji, Ceccarelli, & Bensmail, 2018).
We investigated the ratios to distinguish the oligomers from

fibril samples and plotted the variables (Supplementary
Figure 5a). We also plotted the decision trees
(Supplementary Figure 5b) and it showed that when the out-
put prediction for a leaf node is 1, it means that all the sam-
ples which satisfy this particular condition based on the
feature value (e.g. antiparallel b-sheet/parallel b-sheet <

0.056), will be predicted as case samples (amyloid fibrils).
Similarly, if the prediction value is 0, it means that all sam-
ples reaching this leaf node are control. If the predicted
value is less than 0.5, it means that these are controls, while
if the value is greater than 0.5, then it means it is a case
sample. We further displayed the difference between the
ratios of antiparallel b-sheet to parallel b-sheet in oligomers
versus fibrils (Supplementary Figure 5c).

Discussions

NanoIR spectroscopic technique provides chemical mapping
whereby the nanoIR spectra represent the protein biochem-
ical makeup(Dazzi et al., 2012; M€uller et al., 2014 ). The tech-
nique enabled the acquisition of distinct spectra from each
protein at a very high spatial resolution. This advantage
makes the technique valuable in comparison to the conven-
tional infrared techniques, which averages the structural and
biochemical information over the sample( Barth, 2007; Dazzi
& Prater, 2017; Dazzi et al., 2012 ). Morphological, nanome-
chanical and IR analyses of homogenous and pure lysozyme
samples, which were incubated in tightly controlled condi-
tions at high resolution, were determined. The morphology
of the protein samples at day 1 and 21 was characterized in
relation to their height, width and topography. In addition,
the nanomechanical properties, such as stiffness and Young’s
modulus values of the protein samples, were quantita-
tively determined.

Our results displayed four key criteria for lysozyme fibrils.
The first feature was IR spectra by two maxima at �
1610–1630 cm�1, which are characteristic for parallel b-sheet
conformation and almost no absorption at �1680 cm�1

which would represent antiparallel b-sheet structure(Roeters
et al., 2017; Ruysschaert & Raussens, 2018). The second fea-
ture was the intensity ratio at 1695 cm�1 and 1630 cm�1,
which was 0.00860, (� 0.25), indicating that parallel b-sheet
structure plays a primary role in the formation of the fibrils.
These results were also supported by the machine learning
model (RF model), which indicated that if the ratio of anti-
parallel b-sheet/parallel b-sheet < 0.056, then the protein
will be in fibrillar form. The second derivative of the amide I
spectra for the protein at day 21 showed that the b-sheet
absorption was at � 1610–1630 cm�1, which can be attrib-
uted to longer b-strands formation as well as more planar
sheet formation of the fibrils(Ruysschaert & Raussens, 2018).
Our results are in good agreement with Ruysschaert and
Raussens(Ruysschaert & Raussens, 2018) where they reported
major differences between the different aggregates of the
amyloid protein by attenuated total reflection FTIR (ATR-FTIR)
and primarily associates with their secondary structure (anti-
parallel b-sheet is characteristic for oligomers and parallel
b-sheet is characteristic for fibrils). Their results indicated that
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there was a severe reduction in the antiparallel b-sheet content
at �1695cm�1 and the 1695/1630 intensity ratio was �0.05,
which indicates that the b-sheet content was mainly parallel
b-sheet structure. The secondary structure quantification, based
on amide I spectra, reveals the shifting of monomeric to the
fibrillar structure, accompanied by the change from a-helical
dominated species to mainly parallel b-sheet species.

The monomeric lysozyme contains four a-helical struc-
tures and mainly anti-parallel b-sheet (Vaney, Maignan, Ri�es-
Kautt, & Ducruix, 1996). During the fibrillation of lysozyme,
an increase in b-sheet content occurs gradually, as high-
lighted by CD as well as IR studies. The increase in b-sheet
content is consistent with previous results on lysozyme by
other groups (Chaari, Fahy, Chevillot-Biraud, & Rholam, 2015;
Frare et al., 2009; Malisauskas et al., 2003) and indicates the
common feature during amyloid fibrillation.

The IR and AFM results indicated that an increase in paral-
lel b-sheet contents is the main factor affecting the protein
fibrils(Makky, Bousset, Polesel-Maris, & Melki, 2016; Ruggeri
et al., 2016). Moreover, our results strongly suggest that
oligomerization and/or aggregation is mainly associated with
the formation of b-sheet. It also indicates that increasing the
parallel b-sheet will increase the protein stiffness and stabil-
ize the protein structure. In our observation, the appearance
of parallel b-sheets correlated with the presence of fibrils
which were also observed in studies of a-synuclein oligomer
and fibril production(Celej et al., 2012; Cerf et al., 2009). The
transition from helical to b-sheet leads to the formation of
amyloid fibrils where the majority of them adopt parallel
b-sheet conformation, which distinguishes them from oligo-
mer forms having antiparallel along with parallel
conformation(Lashuel, Overk, Oueslati, & Masliah, 2013). The
day 1 lysozyme, containing a parallel b-sheet structure along

with antiparallel b-sheet conformation, transitions to day 21
having only parallel b-sheet conformation, which highlights
its fibrillar conformation.

The major finding observed is that the fibrils of day 21 have
mainly parallel b-sheet while oligomers of day 1 have both par-
allel and anti-parallel b-sheet. We were able to distinguish vari-
ant conformational forms using a relatively novel technique
(nanoIR) for mechanical characterization of early-stage and late
stage amyloid aggregation of lysozyme. The correlation
between the structural transformation and protein stiffness was
significant. The amide I band absorption changes from one
peak to two peaks during fibrillation processs indicating the for-
mation of fibrils, although a systematic study is needed to
probe this transformation during fibrillation process.

NanoIR allowed us to distinguish the spectra of lysozyme
fibrils at various stages of fibrillation. NanoIR technique can
be used to investigate and characterize the amyloidogenic
structures, giving complementary biologically relevant infor-
mation. This technique provides detailed insights at better
resolution with distinct spectral features and can comple-
ment other biophysical techniques to better understand the
amyloid structures. Fibrillation characterization, which con-
tains various species, is central to understanding how pro-
teins misfold and aggregate for better amyloidosis therapy.
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