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Abstract: Background: A wide class of human diseases and neurodegenerative disorders, 
such as Alzheimer’s disease, is due to the failure of a specific peptide or protein to keep its 
native functional conformational state and to undergo a conformational change into a mis-
folded state, triggering the formation of fibrillar cross-� sheet amyloid aggregates. During 
the fibrillization, several coexisting species are formed, giving rise to a highly heterogene-
ous mixture. Despite its fundamental role in biological function and malfunction, the 
mechanism of protein self-assembly and the fundamental origins of the connection between 
aggregation, cellular toxicity and the biochemistry of neurodegeneration remains challeng-
ing to elucidate in molecular detail. In particular, the nature of the specific state of proteins 
that is most prone to cause cytotoxicity is not established. Methods: In the present review, 
we present the latest advances obtained by Atomic Force Microscopy (AFM) based tech-
niques to unravel the biophysical properties of amyloid aggregates at the nanoscale. Unrav-
eling amyloid single species biophysical properties still represents a formidable experimental challenge, mainly 
because of their nanoscale dimensions and heterogeneous nature. Bulk techniques, such as circular dichroism or 
infrared spectroscopy, are not able to characterize the heterogeneity and inner properties of amyloid aggregates 
at the single species level, preventing a profound investigation of the correlation between the biophysical proper-
ties and toxicity of the individual species. Conclusion: The information delivered by AFM based techniques 
could be central to study the aggregation pathway of proteins and to design molecules that could interfere with 
amyloid aggregation delaying the onset of misfolding diseases. 

Keywords: Misfolding diseases, Alzheimer’s disease, amyloid, protein aggregation, single molecule biophysics, afm, nanomechanical  
properties, infrared nanospectroscopy. 

INTRODUCTION 

 Aging of the world population has amplified the visibility of 
several human diseases and neurodegenerative disorders such as 
Parkinson’s, Alzheimer’s diseases and several forms of Ataxia [1-
3]. The onset of these and of more than fifty further related pa-
thologies is associated at the molecular level with the proliferation 
of insoluble fibrillar protein aggregates, termed amyloids [4], 
formed from the misfolding of normally soluble cellular proteins. 
Some of these conditions, such as Alzheimer’s (AD) and Parkin-
son’s (PD) diseases, are predominantly sporadic, although heredi-
tary forms are well documented. Other conditions, such as the 
lysozyme and fibrinogen amyloidosis, arise from specific mutations 
and are hereditary. In addition to sporadic (85%) and hereditary 
(10%) forms, spongiform encephalopathies can also be transmissi-
ble (5%) in humans as well as in other mammals [4]. 

 Strong evidence links the propensity of proteins and peptides to 
misfolding and aggregation to the pathological biology implicated 
in the onset of misfolding diseases [5, 6]. During their aggregation, 
proteins, initially in their monomeric and native forms, undergo 
internal structural rearrangement and misfold into conformations 
that are susceptible to form fibrils. From a structural point of view, 
amyloid fibrils are unbranched, several micrometer long and with a 
diameter of the order of 10 nm. Despite the obvious differences in 
amino acid sequences and native structure of the aggregating pro-
teins and peptides, three criteria define a protein aggregate as an  
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amyloid fibril: green birefringence upon staining with Congo Red, 
the fibrillar morphology and a universal cross �-sheet quaternary 
structural organization, in which �-strands are oriented perpendicu-
lar to the fibril axis. In addition, amyloids are very stable, highly 
resistant to proteolytic degradation and exhibit remarkable me-
chanical properties with Young’s moduli in the range of several 
GPa [5-8]. It has been supposed that the amyloid state could be 
adopted by many if not by all polypeptide sequences and therefore 
it represents an alternative to the native state of proteins. Thus, it is 
hypothesized that the cross-� sheet conformation is likely to be the 
putative cause of the general unique properties of amyloids [9, 10].  

 Given the high number of diseases associated with amyloid 
fibrils, the conversion of normally soluble proteins and peptides 
into intractable amyloid deposits has emerged in recent years as a 
subject of fundamental importance in science disciplines ranging 
from physics and chemistry to biology and medicine, with the aim 
of reaching a thorough understanding of the mechanisms by which 
protein aggregation occurs and in some cases induces pathogenic 
behavior [5]. However, the molecular origin and mechanistic link 
between amyloid formation and disease aetiology remain unclear. 
Moreover, no disease modifying therapies are available for these 
disorders and the conformational state of aggregates that are most 
prone to cause cytotoxicity is still not clear. This lack of compre-
hension is mainly due to the formidable experimental challenge that 
is associated with unraveling amyloid properties and the mecha-
nism of their formation. Indeed, amyloid aggregate species possess 
nanoscale dimensions, exhibit heterogeneous structural polymor-
phism and are naturally transient. 

 In vitro biophysical studies have been fundamental to shed light 
into the molecular processes underlying protein aggregation and 
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consequently misfolding diseases. However, these studies have 
been based widely on the application of bulk techniques, such as 
Thioflavin T (ThT), infrared spectroscopy (IR) and Circular Di-
chroism (CD) [11-13]. A significant factor, limiting the general 
applicability of these techniques, is their capability to provide only 
average information on the heterogeneous ensemble of species that 
are present in an aggregating amyloid solution, thus precluding a 
profound investigation of the correlation between the biophysical 
properties of the individual aggregate species and their toxicity. To 
assist this challenging endeavor, the development of new method-
ologies capable to capture shapes, size, chemical and structural 
properties of the species formed during amyloid fibrillization is of 
primary importance. In particular, Atomic Force Microscopy 
(AFM) has emerged in the last decades as one of the most powerful 
and versatile single molecule techniques, thanks to the possibility of 
acquiring with sub-nanometer resolution 3-D morphology maps of 
biological specimens on a surface [8, 14]. Initially, conventional 
AFM imaging has enabled to gain notable knowledge on the 
mechanisms of amyloid formation and polymorphism. Then, atomic 
force spectroscopy and more recently, new AFM-based methodolo-
gies, such as peak force quantitative nanomechanical mapping (PF-
QNM), have been implemented not only to unravel the morphology 
of biological samples, but also their mechanical properties at the 
nanoscale [15-17]. These techniques have been employed to resolve 
the complex and heterogeneous energy landscape of protein aggre-
gation, thus providing direct information on the aggregation path-
way and on the link between morphology and mechanical proper-
ties of amyloid species that are forming during the fibrillization 
process. However, imaging, or in the best case mapping of a single 
property as stiffness and Young’s modulus, is not sufficient when 
studying inhomogeneous and complex materials, such as aggregat-
ing proteins. A real breakthrough has been reached with the devel-
opment of Infrared (IR) Nanospectroscopy (nanoIR). This tech-
nique, exploiting simultaneously AFM and IR spectroscopy, can 
characterize at the nanoscale the conformational rearrangements of 
proteins during their aggregation. In particular, infrared nanospec-
troscopy has been applied to investigate at the nanoscale the mis-
folding process and the structure of the heterogeneous amyloid 
species present during the aggregation process at the individual 
aggregate nanoscale level [12]. This information can shed light on 
the structural bases of protein fibrillization and misfolding, allow-
ing a deeper comprehension of the protein aggregation field. In-
deed, the investigation of the misfolding of monomers and oli-
gomers into fibrils and their mechanical and structural properties is 
central to understand amyloid stability, toxicity and mechanism of 
their clearance from the body. The comprehension of these funda-
mental processes will allow the design of pharmacological ap-
proaches to contrast the onset and progression of amyloid diseases. 
For this reason, all together single molecule-based AFM method-
ologies represent a future fruitful avenue to unravel the molecular 
origin underlying the onset of misfolding diseases. 

MISFOLDING DISEASES 

 A broad range of human diseases and neurodegenerative disor-
ders is due to the failure of a specific peptide or protein to keep its 
native functional conformational state. This group of debilitating 
pathologies has received increasing visibility because of their link 
with the ageing of the world population in the last century. There 
are currently approximately 50 illnesses associated with protein 
aggregation and formation of amyloid structures and they are gen-
erally indicated as protein misfolding diseases. In Table 1 [4], a 
selected list of amyloid misfolding diseases is shown. These dis-
eases can be divided in three classes: neurodegenerative diseases, 
including PD, AD, the several forms of ataxias and the spongiform 
encephalopathies [18]; non-neuropathic systemic amyloidosis, such 
as lysozyme amyloidosis [19]; non-neuropathic localized amyloido-
sis, such as diabetes of type II, which is an endemic disease 
 

Table 1. List of Misfolding Diseases. Adapted from Ref. [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

affecting approximately 6% of human beings [20-22]. The major 
part of these diseases is predominantly sporadic (85%), such as PD 
and AD, while others as lysozyme amyloidosis and Huntington’s 
disease arise from genetic mutations and are hereditary (10%). In 
addition, spongiform encephalopathies (5%) are transmissible from 
animals to humans and are highly infectious [23]. Despite the wide-
spread association of amyloid formation with disease states, the 
mechanistic role of amyloids in cell death and disease onset has 
remained challenging to identify. In particular, the nature of the 
specific state of proteins that is most prone to cause cytotoxicity is 
not well established. It is clear, however, that aggregated rather than 
monomeric proteins are primarily implicated in the toxicity that is 
observed in protein misfolding diseases [7]. Initially, the prevalence 
of fibrillar protein aggregates in the brains of patients suffering 
from neurodegenerative disorders led many authors to hypothesize 
that these structures themselves cause cell death. Indeed, in the case 
of systemic amyloidosis, the major cause of the disease onset is 
simply the presence of large quantities, in some cases even kilo-
grams, of amyloid deposits in vital organs, including liver, spleen 
and kidney [5]. Instead, in the case of neurodegenerative disorders, 
several successive studies revealed only a weak correlation between 
the quantities of accumulated amyloid fibrils and the disease symp-
toms. In these cases, recent evidence has increasingly suggested 
that prefibrillar aggregates, such as oligomers and protofibrils, 
might be the toxic components, rather than the final mature fibrillar 
products [7, 24-26]. The oligomeric toxicity could arise from their 
misfolded nature and at least by partial acquisition of the cross-� 
sheet structure. In fact, the structural rearrangements during the 
misfolding and/or aggregation could expose hydrophobic chemical 
groups, otherwise buried by the protein folding in the case of globu-
lar proteins or dispersed in the case of intrinsically disordered pro-

Disease Aggregating
peptide or protein

Native secondary 
structure

Neurodegenerative
Disorders
Alzheimer’s Disease Amyloid-β peptide Intrinsically 

Disordered
Parkinson’s Disease α-synuclein Intrinsically

disordered
Huntington’s Disease Huntingtin Mostly intrinsically

disordered
Amyotrophic lateral 
sclerosis

Superoxide 
dismutase 1

β-sheet and lg-like

Spongiform
Encephalopathies

Prion Proteins Intrinsically
disordered/ α-helix

Familial Amyloidotic
Polyneuropathy

Transthyretin
mutants

β-sheet

Systemic AmyloidosisSystemic Amyloidosis

Amyloid light chain Immunoglobulin 
(lg) light chain

β-sheet and lg-like

Amyloid A Serum amyloid A1 
protein

α-helix

Senile systemic Wild type 
transthyretin

β-sheet
transthyretin

Lysozyme Amyloidosis Lysozyme mutants α-helix and β-sheet

Localized Amyloidosis

Apolipoprotein 
amyloidosis

Apo A-1 fragments Intrinsically
disordered

Type II diabetes Amylin IntrinsicallyType II diabetes Amylin Intrinsically 
disordered

Injection-localized 
amyloidosis

Insulin α-helix
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teins (IDPs), which normally are not accessible to the cellular envi-
ronment. The non-native structure of misfolded oligomers could, 
finally, interferes with several cellular components and processes. 
Such events could lead to the malfunctioning of the cellular ma-
chinery and of its crucial aspects as membranes integrity and traf-
ficking, oxidative stress, sequestration of essential proteins, ions 
balance causing finally the cell’s death [4, 5, 27]. 

PROTEIN MISFOLDING AND AMYLOID FORMATION 

 The native state of a protein was initially associated with a 
compact globular conformation possessing a rigid and highly or-
dered 3-D structure. It was demonstrated that the structure of globu-
lar proteins is encoded in their amino acids sequences and that these 
proteins spontaneously fold following a diffusional research of a 
conformational free energy minimum, which corresponds to the 
native state [28, 29]. Later on, it was found that this assumption is 
not accurate, only a part of proteins possesses a globular conforma-
tion and one-third to one-half of the human proteome has been re-
ported to contain proteins with more than 40 consecutive disordered 
residues. These proteins are termed intrinsically disordered proteins 
(IDPs) and they lack a well-defined 3-D structure under physiologi-
cal conditions. They can sample a wide range of conformations that 
range from completely extended to ones that are more compact. 
Due to the lack of a precise structure, IDPs are characterized by a 
high flexibility that allows them to interact with multiple partners 
and hence to exert multiple biological functions [30]. Moreover, in 
order to be functional, in most of the cases specific regions within 
IDPs undergo an induced folding that is triggered by either binding 
to their biological partner(s) or due to environmental changes. Such 
interactions with biological partner(s) are often accompanied by the 
formation of complexes that possess a more ordered structure than 
the original components and lower free energy minima than the 
native state [31-36]. This implies that proteins can acquire other 
biologically relevant conformational states different from their na-
tive one. Globular proteins can also adopt intermediate conforma-
tions simply because of thermodynamical fluctuations, which corre-
spond to local minima in their energy landscape [37, 38]. In addi-
tion, many proteins possess both structured and unstructured and 
highly dynamic fragments (termini, loops, etc.) [39, 40]. It is also 
supposed that in some cases, partially unfolded states could retain a 
biological function, such as cellular trafficking and translocations 
through mitochondrial and nuclear membranes [41-43]. The par-
tially folded/unfolded states of a protein, independently of its 
globular or naturally unfolded conformation, are vulnerable to mis-
folding and to aggregation into amyloid structures [4, 5, 27, 29, 44, 
45]. This condition is promoted by conditions that destabilize the 
native fold of the protein, such as high temperature, high pressure, 
low pH, organic solvents, natural or post-translational mutations 
[45-47]. During their aggregation, proteins initially in their native 
monomeric forms undergo internal structural rearrangement, and 
misfold into conformations that are susceptible to form fibrils [48]. 
Besides, several coexisting aggregate species are formed, giving 
rise to a highly heterogeneous reaction mixture. The fibrillation 
process typically takes the form of a nucleation-dependent polym-
erization reaction [5, 49, 50]. This model supposes that the forma-
tion of oligomeric structures is necessary to nucleate the first proto-
fibrillar structures, ultimately leading to the formation of the mature 
amyloid fibrils. This process is typically described by a sigmoidal 
reaction time course, commonly measured by ThT fluorescence and 
light scattering assays (Fig. 1) [51, 52]. 

 According to the classical nucleation process, a primary nuclea-
tion step is necessary for the formation of aggregates, but in the 
case of amyloid fibrils several secondary steps can also be involved 
[53]. In these secondary processes, the formation of the nuclei is 
catalyzed either by the fragmentation of the already formed fibrils 
or through a surface-catalyzed secondary nucleation mechanism, 
whereby the existing fibrils catalyze the nucleation of further  
 

Fig. (1). Schematic nucleation dependent process of amyloid fibrils forma-
tion. 

 

nuclei at their surface (Fig. 2) [5]. The availability of integrated 
laws describing protein aggregation allows to extrapolate the mi-
croscopic parameters determining amyloid fibrillization and to in-
dividuate if primary or secondary nucleation processes dominate 
[53-57]. The conventional “first-misfolding-then-aggregation” para-
digm is the generally accepted process of amyloid formation, but 
several observations have shown that the misfolding process could 
take place after a first step in which native monomers aggregate, i.e. 
“first-aggregation-then-misfolding” [58-61]. These native 
oligomers undergo a structural misfolding to form the early cross-  
sheet aggregate whereas the final amyloid fibrillar structures only 
form in a second step. Despite the initial difference, both pathways 
are conceptually similar: a misfolded state, monomeric or oli-
gomeric, is necessary to nucleate the formation of the universal 
amyloidogenic cross-� sheet structure. Notwithstanding the great 
success of the kinetic descriptions of the mechanistic details of 
amyloid formation at the microscopic level [54, 56, 62-65], the full 
elucidation of the process requires the identification of all the  con-
formational and oligomeric states adopted by the protein and of its 
possible aggregates. Indeed, structural polymorphism can be en-
countered at all aggregation levels, and it originates as a conse-
quence of the glassy, frustrated energy landscape that underlies 
misfolding and aggregation [66, 67]. Furthermore, oligomeric and 
protofibrillar structures can form on- and off-pathway during the 
formation of mature fibrils [68-70]. In Fig. (3), a schematic depic-
tion is shown describing the different conformational states that 
arepopulated by a protein and that lead to the formation of  

 

 

 

 

 

 

 

 

 

Fig. (2). Possible processes of amyloid nucleation. A) Primary nucleation 
when monomers interact to form an oligomeric nucleus. B) Fragmentation 
whereby a nucleus breaks down into two nuclei. C) Surface-catalyzed sec-
ondary nucleation whereby fibrils surface catalyze the formation of more 
nuclei. 
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Fig. (3). Schematic representation of distinct protein conformational states 
that can lead to the formation of amyloid structures. From [5]. 

 

oligomeric and fibrillar structures. These latter structures can be 
either biologi-cally functional or disease-related. All these confor-
mational states are regulated in the cell environment by molecular 
chaperones, degradatory and quality control systems [4, 5, 44, 45, 
71-73]. 

THE CASE OF ALZHEIMER’S DISEASE 

 Alzheimer’s disease (AD) is one of over 50 related amyloid 
disorders that are characterized by the misfolding of soluble pro-
teins and their subsequent conversion into amyloid fibrils [4, 74, 
75]. The number of people affected by AD is continuously increas-
ing as the global population ages. It is estimated that 44 million 
people currently suffer from AD and that this number will grow to 
more than 135 million by 2050 [76]. AD is characterized by in-
creasing memory loss, behavioral changes, paranoia, loss of social 
awareness and impaired language function, ultimately resulting in 
the death [77]. For this reason, the pathology represents a major 
public health concern and it has been identified as a research prior-
ity. The onset and progression of AD are associated with the ab-
normal accumulation of protein deposits in the ageing brain and 
over the past 25 years, it has become clear that the proteins forming 
the deposits are central to the disease process. Indeed, senile 
plaques and neurofibrillary tangles that are formed by insoluble 
extracellular deposits and intracellular inclusions, respectively, 
were found in post mortem analysis of the brain of AD patients [78, 
79]. Two proteins or protein fragments thereof have been identified 
as the main components of these deposits. A protein fragment 
called the Amyloid-� (A�) peptide, has been in particular identified 
as the major plaque component and the protein Tau as the major 
tangle component. The A� peptide has a variable length and mo-
lecular weight of about 4 kDa and it has an intrinsically disordered 
structure in solution [78, 79]. The biological role of the A� peptides 
it is still not clear, though it has been suggested that they could be 
part of the mechanism controlling the synaptic excitatory activity 
[80, 81]. A� proteins are produced in the brain by a sequential pro-
teolytic cleavage of the type I transmembrane amyloid precursor 
protein (APP) by �- and �-secretases. As a function of the site of 
APP cleavage by the secretase, proteins of different chain lengths 

are generated [79]. Tau is a microtubule-binding protein that can 
also aggregate into filaments, which are amyloid in nature and pos-
sess cross-� structure [82]. Tau possesses a microtubule-binding 
domain that is positively charged and that allows its interaction 
with the negatively charged surfaces of microtubules. Besides, Tau 
is rich in several repeat regions of roughly 30 residues. The pres-
ence of hexapeptide motifs in two of the repeat regions is consid-
ered crucial for the aggregation process and for the core of the fila-
ments. The aggregation of full-length Tau in vitro is in general slow 
and therefore aggregation studies have rather focused either on 
constructs formed from the aggregation-prone repeat domains or in 
the presence of polyanion cofactors, such as heparin and RNA, that 
compensate for the positive charges. The amyloid cascade hypothe-
sis suggests that the aggregation and deposition of A� triggers neu-
ronal dysfunction and cellular death in the brain of AD patients 
[83]. In the original hypothesis, the neuronal dysfunction and death 
was thought to be a toxic effect of the total fibrillar load. However, 
several studies have showed that the number and size of plaques in 
post mortem AD brains do not correlate with the severity of the 
pathology and that amyloid plaques were found in the cortex of 
cognitively normal elder people [84, 85]. As the knowledge of 
pathological effects of AD has increased, research has been focused 
on the specific alterations in A� processing, such as the cleavage of 
amyloid precursor protein (APP) into A� peptides, the most abun-
dant of which are the A�1-40 (90%) and A�1-42 (10%) in humans. 
Despite its minor abundance in human plasma and cerebrospinal 
fluid, the A�1-42 peptide has higher aggregation propensity and tox-
icity than A�1-40 [86]. The ratio of these two isoforms is influenced 
by the pattern of cleavage from APP by � and � secretases and it is 
more critical than the total amount of A� produced [87, 88]. In vitro 
and in vivo studies have shown that A� oligomers reduce glutama-
tergic synaptic transmission strength and plasticity, posing them as 
the putative toxic species [89-91]. Indeed, since the protein is nor-
mally expressed in the organism and many different events could 
cause fibrils formation and disease, similarly as PD, it is now gen-
erally accepted that the prefibrillar intermediates could be the trig-
gering factor of the disease [18, 92]. Fibrillar aggregate formation 
could be even a protective mechanism by the organism to sequester 
intermediate aggregates, which could be toxic because of their mis-
folded structure. Thus, specific oligomeric species are likely to be 
the primary toxic agents [91, 93-99]. From a mechanistic point of 
view, the successful application of chemical kinetics to the aggrega-
tion of the A� peptide has unraveled the key microscopic step that is 
responsible for the generation of the toxic species. Indeed, it has 
been shown that the dominant mechanism for catalyzing the forma-
tion of toxic A�42 species is surface-catalyzed secondary nuclea-
tion. In other words, once a small but critical concentration of A�42 
aggregates has been generated through primary nucleation of mono-
mers, surface-catalyzed secondary nucleation becomes the 
dominant process where the surface of the existing fibrils serve as 
catalytic sites for the generation of toxic oligomeric species [54, 
57]. Furthermore, the role of intrinsic and extrinsic factors on the 
aggregation process of A�42 has been partly unveiled and a great 
effort has been focused on drug development against A�42 aggre-
gation, which has proven to be very difficult [100, 101]. In agree-
ment, no compound has cleared clinical trials and entered clinical 
use [102, 103]. One of the main reasons that have led to this gnaw-
ing clinical failure is the incomplete knowledge of the molecular 
mechanisms underlying the process by which small molecules in-
terfere with the aggregation pathway. Indeed, inhibiting A� aggre-
gation per se, without an accurate knowledge of the underlying 
microscopic processes, could have unexpected consequences on the 
toxicity, as it could not only decrease it, but also leave it unaffected, 
or even increase it [104]. Therefore, promising effective therapeutic 
strategies must be aimed at targeting precise microscopic steps 
during the aggregation process.  
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BIOPHYSICAL INVESTIGATION OF AMYLOID STRUC-

TURE AND FORMATION 

 Biophysics is an extremely interdisciplinary science that uses 
methods and theories developed in the fields of physics, mathemat-
ics, and chemistry with the main aim of studying biological sys-
tems. Nowadays, biophysical approaches scan all biological scales 
from atoms and molecules to cells, organisms, and environments. 
Experimental biophysics is based on several methodologies, which 
can be divided in two categories: bulk and single molecule tech-
niques. The first category includes techniques, such as Circular 
Dichroism (CD), Thioflavin T (ThT) fluorescence, Dynamic Light 
scattering (DLS), Infrared Spectroscopy (IR). These techniques are 
able to determine only average properties of biomolecules and liv-
ing systems. On the other hand, single molecule techniques enable 
the accurate measurements of single molecule properties. Among 
all the possible single molecules techniques, AFM has become one 
of the most powerful available to investigate the structure of bio-
molecules, but also for their manipulation, at the single molecule 
scale. 

SPECTROSCOPIC BULK TECHNIQUES: MEASURING 
AVERAGE PROPERTIES 

Circular Dichroism 

 Circular Dichroism (CD) is based on the differential absorption 
of left� and right-handed circularly polarized light [105]. In the case 
of chiral biomolecules, the CD absorption of light in the far-UV 
(wavelength between 180-240 nm) derives from the peptide bond 
(amide bond) electronic transitions: � � �* and n � �* around 190 
nm and 220 nm, respectively [106]. These transitions are highly 
sensitive to the molecule conformation and to its secondary struc-
ture. As we can observe in Fig. (4), when polarized light is ab-
sorbed by a protein, its electronic structure gives rise to characteris-
tics bands in the far-UV.  The dichroic signature corresponding to: 
�-sheet has ��* positive maximum near 195 nm and n�* negative 
maximum near 217 nm; random coil state a strong ��* negative 
maximum near 200 nm; and the �-helix structure has a strong 
maximum near 190 nm and a double negative maxima at approxi-
mately 208 nm and 222 nm [11]. The capacity of CD to give a rep-
resentative structural signature makes it a powerful tool in modern 
biochemistry, especially for detecting conformation changes during 
the fibrillization of amyloidogenic proteins as a function of time, 
temperature or different solvents [40, 59, 107, 108]. However, CD 
provides an average of the properties of all the species present in 
the heterogeneous aggregating solution. In other words, it is not 
possible to assign the CD signal of a particular species out of a 
mixture of co-existing species, such as fibrils and oligomers, as all 
these species will contribute to the signal with the contribution 
being directly related to their abundance. Furthermore, a CD signal 
reflects simultaneously protein content in secondary structures and 
solubility. Hence, two protein samples with same secondary struc-
ture content but with different solubility lead to different CD spec-
tra. Therefore, CD spectroscopy is only suitable for qualitative es-
timation of fibril formation since amyloids possess typical �-sheet 
signatures but is not able to unravel subtle differences in the 
mechanism of fibril formation at the molecular level. Finally, CD 
has poor structural resolution, sensitivity to conformational changes 
and it is not able to measure concentrated samples [109]. 

Thioflavin T Fluorescence 

 The fluorescent benzothiazole Thioflavin T has become among 
the most widely used dyes for selectively staining and identifying 
amyloid fibrils both in vivo and in vitro [110]. Indeed, under appro-
priate conditions, it selectively stains amyloid structures undergoing 
characteristic spectral alterations [111]. ThT fluorescence originates 
from the dye binding to cross-� sheet rich structures, which causes a 
dramatic enhancement of its fluorescence emission. When 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Typical CD spectra of proteins. Signal indicating �-helical (red), 
random coil (green) and �-sheet (light blue) structures. 

 

associated with amyloid fibrils, the dye displays a dramatic shift of 
its excitation maximum, from 385 nm to 450 nm, and of its emis-
sion maximum, from 445 nm to 480 nm [112]. This method notably 
enables to investigate the kinetics of amyloid fibrils formation. In 
addition, many histological and bio-imaging studies mainly rely on 
measuring ThT fluorescence [52, 57, 110]. A paramount progress 
has been made in this area thanks to the development of ThT-based 
chemical kinetics tools that, unlike CD, allow deciphering at the 
microscopic level the mechanistic details of the aggregation of 
amyloid-forming proteins. Indeed, although the general pathways 
for aggregation and the resulting fibrils appear remarkably similar 
for different amyloid disorders, major differences are present at the 
level of the microscopic steps leading to the fibrils. Kinetic meas-
urements reflect a nucleation-growth process leading to the com-
mon fibril cross-� structure. The nucleation-growth mechanism is 
supported by a wealth of data, including: i) the kinetics of aggrega-
tion showing a sigmoidal profile characteristic of nucleation-
dependent polymerization, and ii) the observation that the addition 
of sufficient quantities of pre-formed fibrils (i.e. seeds) can abolish 
the lag phase [54]. Thanks to the substantial advances made in the 
application of chemical kinetics to the protein misfolding problem, 
it becomes now possible to connect macroscopic kinetics measure-
ments of a protein to the specific microscopic steps in the mecha-
nism of aggregation and accordingly to interpret the macroscopic 
measurements in terms of the rates of the individual microscopic 
processes underlying amyloid formation [57, 113, 114]. In the case 
of AD, as described above, the application of chemical kinetics has 
tremendously improved our understanding of the molecular mecha-
nisms of the onset and progression of the disease [57, 100]. In addi-
tion, chemical kinetics has proven very powerful in drug discovery. 
Indeed, it allowed a thorough understanding of the mechanism of 
action of drug-like molecules on A� aggregation by providing de-
tails at the microscopic level. This level of control was otherwise 
lacking since it is impossible by means of bulk techniques to deci-
pher how a small molecule interferes with the aggregation process 
at a single microscopic step scale. Interestingly, very recently, an 
FDA approved anti-cancer molecule, bexarotene, has been found to 
inhibit specifically the nucleation processes in A�42 aggregation 
with no effect observed on the elongation of the fibrils. These find-
ings were further confirmed in neuroblastoma cells and in C. ele-
gans models of A�-mediated neurotoxicity [115]. Despite its wide-
spread use, the structural basis for binding specificity and for the 
changes to the photophysical properties of the ThT dye remain 
poorly understood [116]. In addition, ThT is not perfectly amyloid 
specific and it may not undergo a spectroscopic change upon bind-
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ing to precursor monomers or small oligomers, even if with a high 
�-sheet content [117]. Moreover, some amyloid fibers such as the 
polyglutamine fibrils that are associated with Huntingtin disease do 
not affect ThT fluorescence, raising the prospect of false negative 
results and the necessity of couple studies based on this technique 
with other methodologies. Finally, although ThT-based chemical 
kinetics has been a major advance in the field, being capable of 
providing a detailed understanding of the molecular mechanisms 
underlying the generation of toxic species during amyloid forma-
tion, detailed structural analysis of the transient and unstable spe-
cies still elusive so far. 

Mass Spectrometry 

 Mass spectrometry (MS) in general, and more precisely ion 
mobility coupled to electrospray ionization mass spectrometry 
(ESI-IM-MS), has emerged as a powerful method for the charac-
terization of transient and heterogeneous biomolecular complexes 
[118-120]. ESI-IM-MS allows the simultaneous determination of 
size, relative population and shape of heterogeneous mixture of 
covalent and/or non-covalent multimers and conformers [121]. In 
particular, ion mobility (IM) allows the separation of species ac-
cording to their collisional cross-section, providing an additional 
dimension where multimers and/or conformers of identical mass to 
charge ratio (m/z) are effectively separated. This collisional cross-
section is informative of overall shape and molecular size, deliver-
ing insights into the structure of the analyzed molecules, which can 
be rationalized through molecular dynamics simulations [122-124]. 
Furthermore, ESI-IM-MS is ideal for studying highly dynamic and 
transient molecular systems such as A� aggregation, since samples 
are analysed in the extremely short millisecond time frame. Impor-
tantly, ESI-IM-MS studies have been directed to the characteriza-
tion of A� oligomers formed at the early stages of aggregation. 
Note however that, some species are not detected mainly due to 
their highly hydrophobic and heterogeneous nature, which ulti-
mately preclude their ionization. In addition, in some cases cross-
linking techniques are required prior to mass analysis for the stabi-
lization of the transient oligomeric species [125]. Notwithstanding 
its huge potential, MS possesses some major drawbacks limiting the 
investigation of the structure and formation of amyloid aggregates. 
Amongst the limitations, the analyte must be able to be ionized and 
the technique is destructive. Then, to obtain structural information 
such as secondary structure or atomic level information, time-
consuming and often challenging MD simulations are necessary. 
These simulations become more challenging as the molecules be-
come larger. In particular, when dealing with large self-assembled 
protein aggregates, the complexity brought by the range of molecu-
lar shapes and dimensions that arise poses serious limitations to the 
applicability of such algorithms. The main limitation is the inability 
of MD to deal with particular type of intra- and intermolecular in-
teractions because of the extremely demanding computational costs 
[126]. 

Infrared Spectroscopy 

 Infrared spectroscopy is a general established tool for the de-
termination of secondary structure of proteins [127, 128]. Moreo-
ver, the technique has been extensively used to observe the confor-
mational transition from monomers to cross �-sheet amyloid struc-
tures during amyloid formation and to investigate the aggregates 
structural properties in solution [51, 129, 130]. IR spectroscopy is 
based on the molecular vibrations produced, under light exposition, 
by stretching, deformational motions, bending and rotations of 
chemical bonds. The amide I, amide II and amide III modes are the 
most commonly used to study the structural properties of polypep-
tides. The amide I mode arises mainly from backbone C=O stretch-
ing vibrations (>80%) with frequencies at 1700-1600 cm-1. The 
exact band position is determined by the backbone conformation 
and thus by the secondary structure of the protein [127, 131]. The 
amide II band reflects a combination of backbone N-H bending and 

C-N stretching and has frequencies within 1580-1510 cm-1. The 
amide III band at 1350-1200 cm-1 reflects a combination of differ-
ent modes such as C-N stretching, N-H bending, C-C stretching and 
C=O bending. We could associate the position of these two bands 
to the secondary structure of the protein, but the analysis is far from 
trivial because of the various contributions. The amide I band is 
thus the most frequently used to infer the secondary structure of 
peptides. From several studies, a consensus has emerged for the 
assignment of the secondary structure IR peaks in this spectral re-
gion [132, 133]. As shown in Table 2, there are several components 
concurring to the shape and position of the Amide I band: intermo-
lecular antiparallel �-sheet are located within 1695-1680 cm-1; in-
tramolecular �-turn within 1680-1665 cm-1; �-helical between 
1660-1650 cm-1; random coil between 1645-1635 cm-1; in-
tramolecular low density native �-sheet within 1635-1620 cm-1; 
intermolecular high density amyloid �-sheets within 1625-1610  
cm-1. In particular, several studies showed that amyloidogenic �-
sheet are located at lower energy in the IR absorption spectrum than 
native �-sheet, reflecting likely the presence of stronger intermo-
lecular hydrogen bonds in the cross-� structure than the in-
tramolecular ones in the native globular protein [108, 129, 133, 
134]. Respect to CD or Raman spectroscopies, in IR spectroscopy 
the �-sheet contribution has the highest absorption coefficient. 
Therefore, IR spectroscopy is a particularly suitable technique to 
analyze �-sheet-rich amyloid aggregates [135]. However, the tech-
nique shares with all these bulk techniques the major limitation of 
being capable to measure only average properties of a population. 

Table 2. Amide I band secondary structure components. 

Amide I Structural assignment Wavenumber (cm
-1

) 

Antiparallel �-sheets (Intermolecular) 1695-1680 

�-turn (Intramolecular) 1680-1665 

�-helix 1660-1650 

Random coil 1645-1635 

Low density Native �-sheets (Intramolecular) 1640-1625 

High density Amyloid �-sheets (Intermolecu-
lar) 

1625-1610 

SINGLE MOLECULE INVESTIGATION BY ATOMIC 
FORCE MICROSCOPY TECHNIQUES 

 In order to address the challenge of understanding amyloids 
aggregation, single molecule measurements possess increased ro-
bustness than bulk measurements measuring heterogeneous popula-
tions. AFM has emerged in the last decades as one of the most 
powerful and versatile single molecule techniques because of the 
possibility to acquire 3-dimensional (3D) morphology maps of 
specimens on a surface [136]. This capability has been widely used 
in the field of protein aggregation and amyloid fibrils formation and 
a huge amount of notable results has been obtained so far. Indeed, a 
simple AFM map provides extremely valuable information on the 
structure of amyloid fibrils at the nanometer scale, such as height, 
width, periodicity, flexibility and packing of single protofilaments 
inside mature fibrils [8, 14]. Moreover, the recent application of 
new AFM-based methodologies, such as quantitative nanomechani-
cal mapping and infrared nanospectroscopy, represents a fruitful 
avenue to unravel the process of monomer misfolding and to eluci-
date the molecular mechanisms of amyloid polymorphism and for-
mation. The combination of these AFM-based methodologies en-
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ables to correlate at the nanoscale the morphological, mechanical 
and structural properties of amyloids at the individual aggregate 
scale [12, 61, 137-139]. 

Atomic Force Microscopy: Working Principle 

 A microscope is an instrument designed to produce magnified 
images of objects too small to be seen with naked eyes. The first 
idea that could come in mind in association with the word “micro-
scope” is that the instrument manipulates light to obtain a magni-
fied image of the object. Indeed, for a long time after the invention 
of the early microscope, which happened centuries ago, microscopy 
was based on a light source that emits photons that are used as 
probes directed onto or emitted from the specimen. Nowadays, 
there are different types of microscopes: optical, electron and scan-
ning probe microscopy. Optical and Electron microscopy are based 
on the scheme “source-specimen-detector-analyzer”, where parti-
cles are probes sent to the sample, then registered by a detector and 
subsequently analyzed bringing information on the sample mor-
phology. Optical microscopy uses photons as probes and it can 
reach a resolution r as small as approximately the half of the wave-
length of the light interacting with the sample (~200 nm), as stated 
by Abbe’s principle r = �/2NA where NA is the numerical aperture 
of the microscope [140]. Electron microscopy, invented in the early 
20th century, uses an accelerated electron beam to magnify and 
observe the specimen and, thanks to the much shorter wavelength 
of fast electrons, has a very significantly higher resolution than 
optical microscopy. A state-of-the-art electron microscope is capa-
ble of acquiring images with sub-angstrom resolution. The main 
limitation of this technique is that sample has to be conductive. 
Non-conductive samples, as biomolecules, must be coated with a 
conductive material, which could alter the sample or mask its prop-
erties. In scanning probe microscopy (SPM), a sharp tip interacts 
with the sample and scans its surface in a raster way. In other 
words, the probe interacts with the sample moving along sequential 
parallel lines. Every line is divided in pixels, which can record sev-
eral types of signal as currents, voltages and forces. The first scan-
ning probe technique was the scanning tunneling microscopy 
(STM), whose invention was awarded with the Nobel Prize [141]. 
This system is based on the quantum tunnel effect, which causes the 
passage of a current between two conductive objects placed close 
each other. First, a metallic tip is brought close to a conductive 
surface, causing an electronic current flow depending exponentially 
on the distance between the two elements. Successively, the tip 
scans the surface. As depicted in Fig. (5), by means of a feedback 
system controlling piezoelectric elements that displace the sample 
with respect to the tip, the system can keep the tip-sample distance 
or the electronic current constant [142]. The signal from the feed-
back mechanism allows retrieving the topography of the sample 
with a resolution along the z direction of approximately 0.01 nm 
and along the XY directions with sub-nanometer resolution. This 
was a conceptual revolution in the field of microscopy, but unfortu-
nately, the limitation of the investigation to only conducting or 
semiconducting samples remained. For this reason, STM is not 
suitable for biological samples. In order to overcome the difficulties 
in investigating dielectric samples, in the 1986 Binnig et al. in-
vented AFM. They combined the principles at the base of the STM 
and of the so-called stylus profilometer. The probe of the AFM is a 
cantilever with a microfabricated sharp tip at its end, which is the 
sensing device. AFM probes are normally made of silicon or silicon 
nitride. The cantilevers have usually rectangular or triangular di-
mensions, typical length within 2-200 �m and they can be consid-
ered as springs with elastic constant k in the range of 0.01-100 N/m. 
Tips at the end of the lever typically have an apical radius between 
1 and 50 nm. Similarly to STM, by means of a piezo-actuators 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Schematic depiction of Scanning Probe Techniques. From Ref. 
[143]. 

 

system, the probe is kept at a distance in the order of the nanometer 
from the surface and it scans the surface in a raster way. In the easi-
est configuration, during the scanning, interaction forces between  
the tip and the sample produce a bending of the cantilever, which 
can be directly measured. There are several methods to measure the 
cantilever deformation. However, the most commonly used is the 
optical lever method, where a laser beam is focused on the back of 
the lever and the reflected beam is detected by a four-quadrant pho-
todiode (Fig. 5). This configuration enables to measure vertical and 
lateral (torsion) deformations of the lever. Finally, the feedback 
electronics drives the piezoactuator in order to compensate the de-
viation of the lever deflection from the chosen setpoint and to keep 
a constant deformation of the cantilever. The bending �x of the 
cantilever is proportional to the interaction force, as described by 
the Hook’s law: F = k��x, where k is the elastic constant of the 
lever [136]. In a typical force microscope, cantilever deflection 
ranges from 0.1 nm to micrometers. This enable to routinely meas-
ure forces ranging from 10-13 to 10-4 N [143]. The forces relevant to 
AFM are ultimately of electromagnetic origin, which are due to the 
interaction between tip and sample atoms. However, different in-
termolecular, surface and macroscopic effects give rise to interac-
tions with distinctive distance dependencies. In the absence of ex-
ternal electric and magnetic fields, the dominant forces are van der 
Waals interactions, short-range repulsive interactions, capillary and 
adhesive forces [136, 143]. If the tip is in strong contact with the 
sample, elastic forces can occur. All the described forces can be 
divided roughly in two categories: repulsive and attractive. The 
former dominate at a close tip-sample distance, while the latter are 
long-range interactions. The sum of these forces is generally ap-
proximated by means of a Lennard-Jones potential, which combines 
short-range repulsive and long-range attractive forces, as repre-
sented in Fig. (6). 

 The sum of these contributions typically leads to the non-
monotonic force vs. distance dependence schematized in Fig. (7). 
According to the regime of interaction, there are two main opera-
tional modes of AFM: static, termed also contact mode, and dy-
namic mode. In contact mode, the tip is brought at close contact 
with the sample and scanned across the surface. In this modality, 
the tip-sample interaction is mainly due to strong repulsive forces 
(~1-10 nN). As described above, the imaging of the sample is gen-
erally obtained by maintaining a constant deflection (force) of the 
lever during the scanning. This is possible through the extension or 
retraction of the piezoactuator along the z direction by the feedback  
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Fig. (6). AFM tip-sample potential energy representation and related AFM 
scanning modes. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). AFM Schematic illustration of the convolution of the shape of the 
AFM tip with the shape of the feature or particle being scanned. (a) Blunt 
tip, (b) sharp tip. 

 

electronics loop, which adjusts the tip-sample distance in order to 
have a constant deflection of z adjustment of the piezo is used to 
display the sample height�the lever. The for each pixel of the XY 
plane, so retrieving a 3D map of the morphology of the sample 
(Fig. 5). Static mode was historically the first operational mode of 
AFM and it allows straightforwardly to obtain morphology images 
with atomic resolution. However, huge tip-sample lateral forces are 
present during scanning and they could introduce damage or arti-
facts into the specimen. For this reason, the dynamic mode was 
successively introduced. In this configuration, the tip is oscillated, 
at a frequency equal or close to the cantilever resonance, over the 
surface of the sample and typically at a distance from few to tens of 
nanometers. At this distance, the tip-sample interaction is mainly 
due to the much weaker attractive forces, such as van der Waals and 
electrostatic interactions, which are typically below 1 nN. However, 
according to the absolute value of amplitude oscillations and tip-
sample separation, also the other forces described above, such as 
repulsive, frictional and elastic deformation, can have important 
contribution. As shown in Fig. 7, two main dynamic regimes can be 
considered: the tapping mode, in which the equilibrium separation 
of the tip and sample is smaller than the amplitude of the cantilever 
oscillation, in which case the tip is periodically brought in contact 
with the sample; the non-contact mode, where tip-sample mechani-
cal contact is avoided, deformation and friction effects are elimi-
nated, and the tip is mainly submitted to attractive forces [144]. 
Finally, the instrument resolution deserves a detailed discussion. 
AFM generates three-dimensional images of the sample surface. 
Although not always independent, two different resolutions should 
be distinguished: lateral and vertical. Vertical resolution is limited 

by both noise from the detection system and thermal fluctuations of 
the cantilever. In general, the thermal noise of the cantilever is the 
largest source of noise in AFM [144, 145]. Damping systems have 
become so effective that mechanical vibrations represent a negligi-
ble perturbation of the cantilever oscillation. For a cantilever with a 
force constant of 40 N/m, the thermal fluctuations of the cantilever 
are below 0.01 nm. Therefore, vertical resolution of AFM along the 
z direction is easily below sub-nanometer scale. A notable effect, 
especially in air conditions, is that AFM measurements of bio-
molecules report heights that are always smaller than their nominal 
values. Smaller heights are a consequence of different processes 
such as dehydration, sample deformation due to repulsive tip-
sample forces and differential tip-surface-sample interaction. In the 
case of the lateral resolution, three main factors should be consid-
ered: the instrumental resolution, defined by the ratio between size 
and number of pixels of the image, the precision of the piezo along 
the XY direction, and the radius of the scanning tip. The instrumen-
tal resolution is generally sufficient, since it is possible to use an 
elevate number of pixels to scan and the piezoelectric system pos-
sesses sub-nanometer precision, while the geometrical shape of the 
tip is mainly determining the lateral resolution. If the apical radius 
of the tip is of the same order or bigger of the dimensions of the 
object under investigation, an effect of lateral broadening will be 
always visible in the AFM image (convolution effect). In Fig. (7), 
we can observe a depiction of the convolution effect in the case of 
scanning by tips with broad or sharp radius of curvature. Only if the 
tip has comparable dimensions with the object under investigation, 
the broadening effect will be minimum [146]. 

Conventional AFM Imaging Unravel Amyloid Formation and 

Polymorphism 

 AFM morphology 3-D maps furnish a sub-nanometer resolution 
view of the structural and morphological characteristics of bio-
molecules aggregates [147]. This enables to study the morphologi-
cal conformation of the heterogeneous and polymorphic species 
present during the process of amyloid aggregation, such as mono-
meric proteins, oligomers, protofibrillar structures and the final 
mature amyloid fibrils (Fig. 8) [8, 14, 148, 149]. It has been shown 
that AFM, though at the limit of its resolution (objects with smaller 
height than < 1 nm), is capable to visualize the species present dur-
ing the lag-phase of the aggregation. During this initial time frame, 
the species that are mainly present in solution are monomeric and 
early oligomeric forms of the aggregating proteins [70, 150-152]. 
AFM empowers the possibility to characterize statistically the mor-
phological properties of these early oligomeric aggregates, such as 
their height and diameter, and to distinguish and weight the mor-
phological different populations, such as dimeric, trimeric aggre-
gates. This has been demonstrated to be fundamental to compare 
the oligomerization process of mutated forms of a protein, such as 
in the case of �-synuclein and the exon1 of the huntingtin protein 
(Fig. 8A) [150, 153, 154]. Together with the statistical assessment 
of the cross-sectional dimensions (height and length) of the forming 
fibrillar species (Fig. 8B), these studied has allowed to study the 
pathway of fibrillar formation and/or to compare quantitatively the 
kinetics of aggregation of different fibrillating proteins [153, 155]. 
For instance, it was possible to assess the effect of mutations, caus-
ing the early onset of Parkinson’s disease, on the aggregation pro-
pensity of �-synuclein or to study the effect of post-translational 
modifications on the propensity of aggregation of the huntingtin 
protein [155, 156]. Amyloid fibrils appear at the AFM as un-
branched elongated structures just few nanometers in diameter, but 
with length up to several micrometers. As demonstrated by X-ray 
diffraction, the amyloid characteristic fingerprint is the universal 
cross-� sheet quaternary structure [48, 157]. The repeating subunit 
of such structure consists of �-strands, forming continuous hydro-
gen-bonded �-sheets, which are oriented perpendicularly to the 
fibril axis [158]. The �-sheet ribbons are associated via side chain 
interactions that serve to stabilize the structure, which is closely 
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packed and highly ordered [159]. The possibility to analyze the 
morphology at several time points, during the process of amyloid 
aggregation, enables to shed light on the pathway of aggregation. 
Several AFM investigations confirmed the observation that mature 
amyloid fibrils are formed by the hierarchical self-assembly [160] 
of cross-� protofilaments, composed by a pair of �-sheets, twisting 
together through specific side chains interactions (Fig. 9) [161]. 
Although the basic structural arrangement of the cross-� structure is 
conserved for different fibrils, there are different ways how proto-
filaments can pack into the fibril 3D structure and accordingly caus-
ing a range of structurally different amyloid fibrils [162]. Morpho-
logically, fibrils can diverge in the nature and number of component 
protofilaments, in their arrangement inside the fibrils and in several 
structural properties, such as the cross-sectional thickness, helical 

periodicity and chirality [149, 163-166]. This heterogeneity is 
termed polymorphism and it implies that, for the same peptide, 
fibril formation can lead to many different patterns of inter- or in-
tra-residue interactions [66, 149, 162]. Furthermore, AFM imaging 
enables investigating the persistence length of amyloid fibrillar 
structures (Fig. 10) [149, 167]. The persistence length lp is the 
length above which thermal fluctuations can bend a rod-like poly-
mer and it is therefore a measure of its elastic properties [168, 169]. 
This quantity can be determined directly from AFM images, by 
means of the bond correlation function (1) for semi-flexible poly-
mers in a two-dimensional conformation:  

                                          (1) 

Fig. (8). Statistical characterization of �-synuclein amyloid aggregates cross-sectional dimensions. A) Monomeric and early oligomeric structures. B) Protofi-
brillar and fibrillar aggregates. Adapted from ref. [151]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Fibrils Hierarchical self-assembly and polymorphism. Hierarchical self-assembly of �-lactoglobulin. Polymorphism can be due to different number, 
arrangement and structure of protofilaments composing the fibril. From Ref. [150]. 
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 As shown in Fig. (10), � is the angle between the tangent vec-
tors to the chain at two points separated by a contour distance s. 
The factor 2 is used to rescale the exponential decay in order to 
consider the two-dimensional nature of protein fibrils absorbed on a 
surface [149]. These fluctuations depend on the fundamental physi-
cal properties of the polymer, such as its bending rigidity B, which 
is defined as the product of the Young’s elastic modulus E and the 
cross-sectional area moment of inertia I of the polymer: B=EI 

[169]. Then, the measured lp can be used to calculate the elastic 
modulus E of a semi-flexible polymer if I is known. Indeed, E and 
lp are directly linked by the relationship (2), where T is the tempera-
ture and kb the Boltzmann constant. 

 

                              (2) 

 Therefore, the study of the statistical mechanics properties of 
polymers by means of the measurement of the persistence lp has 
been a valuable route towards understanding the nanoscale mechan-
ics of polymers and other linear structures enabling to measure their 
intrinsic stiffness [148, 149, 170]. However, a limiting step in the 
measurements of the intrinsic Young’s modulus of amyloid fibrillar 
aggregates on a surface is the correct evaluation of the cross-
sectional moment of inertia I [148]. Recently, it was presented a 
general approach based on theory of elasticity and an innovative 
calculation of the polymorphic fibrillar aggregates cross-sectional 
moment of inertia I in order to evaluate correctly the nanomechani-
cal properties of amyloids. This method enables to calculate bend-
ing rigidities B and matching the measured experimental values of 
Young’s modulus of amyloid fibrils [149, 165]. However, fibril 
imaging by AFM requires deposition on a surface and drying, 
which can potentially lead to artifacts in the evaluation of the per-
sistence length and bending rigidity. 

 Finally, the presented approaches based on AFM imaging have 
enabled to gain notable insights into the molecular processes under-
lying the misfolding, early aggregation and fibrillization process of 
A�42, A�40 and A� peptide fragments (Fig. 11) [171-174]. Ini-
tially, AFM demonstrated to be capable to identify first time pre-
fibrillar species as protofibrillar aggregates and oligomeric species,  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (11). The mechanistic pathway of A�42 aggregation. a-d) AFM images 
describing the aggregation process. The arrows indicate the secondary nu-
cleation events. e) The proposed model of A�42 fibrillogenesis. Adapted 
from Ref. [54]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). Persistence length of a flexible amyloid fibril. A) Schematic depiction of a semi-flexible polymer and the parameter used to calculate its persistence 
length. B) Example of flexible (top, �-lactalbumin) and rigid (bottom, TTR 105-115) amyloid fibrils. Adapted from ref [170].  
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which were suggested to be toxic [175]. Furthermore, a recent study 
was able to confirm the mechanistic insights obtained by ThT 
chemical kinetics analysis and to prove independently with high-
resolution that secondary nucleation events are the mechanism 
dominating the kinetics of A�42 fibrillization. In the same study, 
the kinetics of A�42 aggregation were reconstructed in the presence 
and absence of monomeric and protofibrillar seeds, which play 
fundamental role in determining the structural properties and het-
erogeneity of the fibrils formed. For the first time, the secondary 
nucleation events could be directly visualized at the fibrils surface 
and the polymorphism of the aggregated fibrillar structures was 
successfully studied [53]. Finally, several studies have shown that 
AFM is able to investigate the effect of antibodies and small mole-
cules on inhibiting the formation of A�42 fibrillar aggregates and to 
differentiate the morphology of the aggregated species in each dif-
ferent condition [176, 177]. 

Force Spectroscopy Measurements and Peak Force Quantita-

tive Nanomechanical Imaging 

 A cantilever is an extremely precise and sensitive force sensor 
with piconewton resolution [136, 178]. Consequently, it can be 
used to measure mechanical properties of biological samples. The 
basic principle of this measurement relies on performing force-
distance curves, in a trace-retrace manner, due to the vertical mo-
tion of the lever on the sample under investigation. A single force-
distance curve is the plot of the tip-sample force versus the piezoe-
lectric z displacement, as depicted in Fig. (12) [136]. The process 
can be illustrated as made of six fundamental regions [136]. The 1-
2 line represents the zero-extension line, when tip is approaching 
out of contact. Line 2-3 corresponds to the jump-in-contact, also 
called snap-in, which happens when gradient of attractive forces is 
higher than cantilever spring constant. The line 3-4 corresponds to 
the deflection of the cantilever in contact with the sample; in this 
region the lever passes from being bent downward, through the zero 
deflection, to being bent upward. This region is purely linear for 
perfectly stiff samples, while is not linear in the case of elastic or 
plastic deformation. The line 4-5 indicates the beginning of the 
retracting and it should be ideally superimposed and with same 
slope of the corresponding approaching line 3-4. However, eventual 
distance displacement and different slope of the two curves related 
to the plastic indentation of the sample can take place. Line 5-6 
represents the moment of the loss of tip-sample contact, termed 
snap-out, and it is generally linked to adhesive forces. Finally, the 
line 6-7 represents the retracting out of contact. It is worth to under-
line that the instrument does not measure directly forces and dis-
tances, but it measures directly the displacement of the piezo and 
the deflection of the laser by means of a photodiode. Therefore, in 
order to convert the read voltage by the photodiode into a distance, 
the photodiode sensitivity needs to be calibrated and this calibration 
is performed by relating the vertical movement of piezo relatively 
to the cantilever deflection on a stiff substrate. Successively, in 
order to convert the measured deflection into a force, the elastic 
constant of the lever is measured. A common method to perform 
this measurement is the thermal tuning [179].  

Fig. (12). Ideal force-displacement curve depiction. Ideal (A) force-distance 
and (B) force-time curves representation. Adapted from Ref. [179].  

 

 Once the force-distance curve is obtained by means of its analy-
sis, the mechanical properties of the sample can be retrieved. Sev-
eral methods have been implemented to study mechanical proper-
ties of biomolecules as amyloids. Nanoindentation, quantitative 
nanomechanical mapping and force spectroscopy pulling are part of 
this category (Fig. 13) [8, 168]. 

 

Fig. (13). AFM-based methods to investigate the nanomechanical properties 
of biomolecules and amyloid aggregates. From Ref. [168]. 

 

 In force spectroscopy measurements, the tip is able to pick up 
and manipulate the macromolecule on the surface. In this configu-
ration, upon retraction of the tip once a binding is created, it has 
been shown that amyloid molecules can be stretched or unzipped 
[180-182]. The resultant force curves and the stretching behaviour 
can be analyzed by theoretical models, as the worm like chain 
(WLC) [183, 184]. This methodology has been applied to character-
ize the nanomechanical response of functional adhesive amyloid 
fibrils exploited by the algae P. Linearis [185]. Fitting the elastic 
response present in the force curves, it has been found that these 
functional amyloids possess a persistence length of 0.34�±�0.18 nm, 
similar to the one of proteins such as titin (0.4 nm) and tenascin 
(0.42 nm) [186]. Instead, it was measured that mature amyloid fi-
brils formed by the glucagon peptide have an average persistence 
length of 0.70 ± 0.15 nm. This value is twice as bigger than the 
value for functional amyloids, suggesting that they possess more 
mature amyloidogenic nature. Furthermore, force spectroscopy 
studies of different mature amyloid fibrils have been presented 
[180, 181]. These studies tried to quantify the interaction forces 
within �-sheet filaments inside a fibril of different fragments of 
A�42, finding substantially smaller forces necessary to unzip 
subunit sheets of A�42 mature fibrils in comparison with A�40 
ones. They well highlighted the importance of these works for un-
derstanding the details of amyloid formation and pointed out how 
single molecule manipulation methods allow to study the mechan-
ics and structural dynamics of amyloid formation. However, the 
weak point of these zipping experiments is that the measurements 
were based on nonspecific binding between the tip and the fibrils. 
Therefore, the variability between individual measurements likely 
results from random and multiple attachment sites of the protein to 
the tip [187]. 

 Nanoindentation is one of the most common methodologies to 
retrieve the Young’s modulus and hardness of a sample. Indeed, if 
the sample is soft relatively to the tip stiffness, during the approach 
the tip will indent the sample (Fig. 14A). The subtraction of the 
force-distance curve obtained from an undeformable stiff substrate 
allows retrieving the indentation curve (Fig. 14B). The fit of this 
curve, by means of a mechanical model [136], enables to extract the 
intrinsic Young’s modulus of the object. Nanoindentation meas-
urements, in conjunction with mechanical modeling such as Hertz 
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model of elasticity, have been able to measure the Young’s 
modulus of amyloid fibrils [168, 188]. This methodology was able 
to measure the elastic moduli of glucagon fibrils, which was rang-
ing from 0.72�±�0.80 GPa to 1.26�±�0.62 GPa under small compres-
sive forces. Similarly, this approach has measured a Young’s 
modulus of 1.3 ± 0.4 GPa for �-synuclein fibrils and of 5-50 MPa 
for insulin amyloid fibrils [188]. Notwithstanding the usefulness of 
the information provided by nanoindentation, the values of stiffness 
obtained are systematically smaller that the generically accepted 
and measured ones by other methods [168]. 

 A further possible modality to perform nanoindentation studies 
is the force-volume mode, in which a map of force-distance curves 
is collected in a raster way over a selected area of the sample. How-
ever, a single force curve requires several tens of milliseconds to be 
completed, so a typical force-volume image is characterized by long 
completion times (from several minutes to several hours) and low 
spatial resolution (32�32 or 64�64 pixel images are common). An 
improvement of the force-volume mapping is the Quantitative Im-
aging (QI), which allows acquiring maps of mechanical properties 
of a sample with a resolution up to 512 x 512 pixels contemporarily 
with morphology maps [61, 190, 191]. Finally, PF-QNM, a similar 
and relatively new technique, is able to map mechanical properties 
with higher speed and spatial resolution. The methodology is based 
on a new tapping mode in which every tapping of the probe on the 
surface produces a force-distance curve. This technique uses the 
peak force value of the force-distance curve as imaging feedback, 
diversely than AM-AFM that uses the amplitude as feedback pa-
rameter. This mode can be used with standard tips and cantilevers, 
the drive frequency is notably below the resonance one and the 
typical amplitude oscillation is approximately 100 nm. In Fig. 
(15A), it is represented the tip trajectory as a function of time over a 
tapping cycle. 

 Initially (1), the tip is far from the surface and it is brought in 
contact with the sample (2). Successively, the tip indents the sample 
until the maximum peak force in reached (3). Then, it is pulled off 
until the adhesion force is maximum (4) and it finally recovers its 
original position (5). Using the maximum peak force for the feed-
back calculation, a force-distance curve is generated at every pixel. 
Since the z position of the modulation and the deflection of the 
cantilever are controlled as a function of time, it is possible to 
eliminate the time variable, from Fig. (15A), and a force-distance 
plot can be generated, as in Fig. (15B). From those curves, the usu-
ally measured quantities by force spectroscopy can be probed: ad-
hesion, dissipation and elastic modulus. This last parameter can be 
extrapolated by fitting the retraction curve by the Derjaguin-
Mueller-Toporov (DMT) model [136]. Since a force curve is ob-
tained for each pixel, the resolution of channel is identical to the  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (15). Principle of operation of PF-QNM. (A) Principles of peak force 
tapping. (B) Force-distance curve and indicative representation of the calcu-
lated mechanical properties. From Ref. [191].  

 

topography image. This technique has been applied successfully to 
measure the intrinsic elastic moduli of different classes of mature 
amyloid fibrils including �-lactoglobulin, �-synuclein, A�42, bo-
vine serum albumin, insulin, lysozyme, ovalbumin, and Tau protein 
in GPa range [188, 191-193], which are consistent with the values 
of the Young’s moduli obtained by statistical analysis of AFM im-
ages [170, 192]. Furthermore, this technique is capable to measure 
the intrinsic Young’s modulus of fibrils independently on their 
polymorphic state and their cross-sectional properties [191]. In one 
of its latest application, PF-QNM allowed to investigate at the sin-
gle molecule level the nanomechanical properties of different prod-
ucts of amyloids aggregation process. In particular, it was able to 
measure the evolution of Young’s modulus during fibrillation of �-
synuclein and A�42. The elastic modulus of the forming amyloi-
dogenic species evolved monotonically during the process of ag-
gregation as a function of the maturity of the fibrillation process. In 
fact, oligomers, protofibrils and mature fibrils showed an increasing 
value of the intrinsic stiffness in the order of GPa (Fig. 16). It was 
mentioned above that the hydrogen bonds between �-sheets plays a 
key role in the mechanical properties of amyloid fibrils and the  
 

 

 

 

 

 

 

 

Fig. (14). Nanoindentation measurements. (A) Schematic depiction of the indentation mechanism, (B) force-displacement curves on the sample and on an 
undeformable sample, where � is the indentation depth. Adapted from Ref. [189]. 

� )�� �
�0	

�0�

�0�

�0&

�0�

%��� � ��� 	�� ���
�� 1��2

�
1�
�
2

�0	

�0�

�0�

�0&

�0�

%��� � ��� 	�� ���
� 1��2

�
1�
�
2

�

3!����
3����!� 4����!���� ��+�

)�

)������!���

.)����

5

)�����

�

� �

���������	
��������

�
��������

�

�
�

�����

����
�����������

 !���������"!"�

�����#�����

��������

��������

$

%
�

��
��
�

��
��
�

&



3962    Current Pharmaceutical Design, 2016, Vol. 22, No. 26 Ruggeri et al. 

presence of �-sheets is a characteristic feature of amyloid fibrils. It 
has also been reported that during the aggregation process, oli-
gomers or eventually present protofibrils contain partial �-sheet 
conformations [70]. This suggests that the content of �-sheets in the 
assembled structures during fibrillization process is an important 
parameter affecting the mechanical properties of these structures. 

Infrared Nanospectroscopy Structural Characterization 

 The invention of AFM was crucial to the development of nano-
science, due to the possibility to acquire the morphology of samples 
at unprecedented resolution. However, the study of macromolecules 
at nanoscale remains challenging, especially when truly quantitative 
information is required. The main reason is that imaging, or in the 
best case mapping of a single property, such as Young’s modulus, 
is not sufficient when studying inhomogeneous and complex mate-
rials, such as aggregating amyloidogenic proteins. 

 A real breakthrough was reached with the development of In-
frared nanospectroscopy (nanoIR). The technique exploits the com-
bination of AFM and IR (AFM-IR) and it can be efficiently used to 
characterize at the nanoscale the structural properties of biologi-
cally relevant material and to study specific processes such as amy-
loid aggregation (Fig. 17). As described above, infrared spectros-
copy (IR) is a key method for studying conformational properties of 
proteins and their structural conversion during amyloid fibrillation. 
While, as we extensively described, AFM-based methods can pro-
vide useful information on the morphology and mechanical proper-
ties of the species formed along the aggregation pathway at the 
nanoscale, these conventional techniques do not allow characteriz-
ing separately the chemical and structural properties of individual 
amyloid aggregates, nor the correlation with their nanomechanical 
properties. Their combination however, in infrared nanospectro-
scopy, enables a direct measurement and correlation of the morpho-
logical, chemical and structural properties and the discrimination of 
objects in the same AFM map by identifying their different secon-
dary structure and chemical signature with nanoscale resolution [15, 
129, 195]. This ability is one of the main advantages of AFM-IR 
compared to conventional bulk techniques and in particular to IR, 
which have spatial resolution limited by the smallest achievable IR 
spot size (~20 �m) [196]. 

Fig. (17). Schematic depiction of the working principle of the nanoscale 
infrared spectroscopy [197]. 

 

 From a technical point of view, the combination of AFM and IR 
spectroscopy is based on a photo-thermal induced resonance effect 
(PTIR) [198]. In the initially introduced configuration of the sys-
tem, a pulsed laser beam passes through a ZnSe prism and under-
goes total internal reflection (Fig. 17). At the same time, the AFM 
tip is brought in contact with the sample in the area of interest. An 
evanescent wave, with typical length of the order of the wavelength 
of incident light, interacts with the sample deposited over the ZnSe 
prism. If at a given wavelength the IR pulse is absorbed by the 
sample, the local temperature rise leads to local thermal expansion. 
This deformation excites mechanical resonances in the AFM canti-
lever, which is in contact with the sample. Total internal reflection 
in the ZnSe prism avoids direct excitation of the AFM cantilever 
via the incoming laser pulse. After excitation, the cantilever 
 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. (16). Young’s modulus evolution of A�42 species present during its fibrillization process. A-C) Morphology AFM maps. D-F) DMT Young’s modulus 
maps. G-I) Young’s modulus histograms. From Ref. [194]. 
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Fig. (18). AFM-IR images and spectra of a bundle of collagen fibrils. In the 
figure are shown on the left the morphology, local stiffness and IR absorp-
tion maps and on the right an IR spectrum in the protein range (1800-1200 
cm-1) is acquired at a specific location of the maps (indicated by a circle) 
[139]. 

 

resonates with a ringdown shape, with a time decay of the oscilla-
tions in the order of hundreds of �s. The cantilever displacement is 
read via the usual AFM optical detection system, with a laser beam 
reflected on the back of the cantilever towards a 4-quadrant pho-
todetector. The Fast Fourier Transform (FFT) of this signal contains 
several peaks corresponding to the cantilever eigenfrequencies. It 
has been found that both the peak-to-peak maximum of the deflec-
tion vs. time ringdown and the Fourier transformed amplitude of 
eigenmodes are directly proportional to IR absorption [197]. The 
pulsed laser is tunable, commercially available instruments span the 
mid-IR range typically from 900 to 3600 cm-1 and can achieve a 
spectral resolution of 0.1 cm-1. The local absorption spectrum is 
obtained scanning the pulsed laser in the IR range and plotting the 
amplitude of the fundamental resonance (or the ringdown ampli-
tude) as a function of the wavelength. The system allows also map-
ping the IR absorption of the biological sample at fixed wavelength. 
Summarizing, the AFM detection of the temporary expansion of the 
scanned region enables nanoscale resolution IR imaging and acqui-
sition of local chemical spectra. The AFM-IR spectra generated 
from this technique contain the same kind of information with re-
spect to molecular structure as conventional IR spectroscopy meas-
urements. Moreover, as illustrated in Fig. (18) in the case of colla-
gen fibrils, simultaneously with the acquisition of IR-absorption 
and topography images, the system is able to obtain qualitative 
stiffness maps [139]. The mapping of the mechanical properties of 
the sample is based on contact-resonance frequency measurements. 

A cantilever, in contact with a sample surface, acts like a coupled 
spring system, wherein the sample elasticity changes the frequency 
at which the cantilever resonates will change as well. Therefore, the 
system enables the generation of stiffness maps of the sample, 
where higher contact resonance frequency means higher stiffness. 
The stiffness map is evaluated tracking the variation of the contact 
resonance frequency of the cantilever [197]. 

 The resolution of the instrument in the case of the morphology 
maps is determined by the usual parameters in standard AFM. 
While, the resolution of the stiffness, IR maps and IR spectra are 
however unrelated with the topographic channel. In particular, the 
ultimate lateral resolution and minimal thickness (i.e. height, Z 
direction) measurable are determined by independent factors. The 
minimal measurable thickness is defined by the minimal detectable 
photo-thermal expansion of the sample. On the other hand, the lat-
eral resolution of an isolated object is only in principle limited by 
the sharpness of the AFM lever. In the case of non-isolated objects, 
thermal diffusion and mechanical properties of the sample can limit 
lateral spatial resolution. It is fundamental to specify that the ab-
sorption depends linearly on the thickness of the sample only up to 
1 �m, while for higher thicknesses a consequent diminution of the 
absorption signal with increasing thickness is observed [199]. This 
was demonstrated on polymethylmethacrylate structures, finding 
that the absorption signal linearly increases with thickness until 
1�m thickness, while for higher thicknesses a downturn and a con-
sequent diminution of the absorption signal is observed. This quali-
tative behavior is generally reproduced by other kind of samples. 
However, also on samples thicker than 1 �m, this does not limit the 
capability of the instrument to chemically and structural investigate 
their heterogeneity. AFM-IR can be implemented by using different 
kinds of IR laser sources, such as optical parametric oscillators 
(OPO) or quantum cascade laser (QCL). The use of OPO lasers 
enable to measure routinely biological samples possessing an 
minimal thickness of approximately 50 nm with a lateral resolution 
as small as 20 nm [200]. Recently, the use of QCL has led to a no-
table improvement of the technique resolution. QCL allows tuning 
the repetition frequency of the pulsed laser in order to match the 
selected eigenfrequencies mode of the AFM cantilever. In this way, 
an increase of the oscillating amplitude of the cantilever is observed 
leading to a better signal-to-noise ratio. This can be combined to a 
local field enhancement obtained by using the coupling of gold-
coated AFM tips and gold substrates [201]. A lateral resolution of 
less than 20 nm and on approx. 2 nm thick mono-layered samples 
has been demonstrated, opening new possibilities to the application 
of the AFM-IR technique to characterize the structural and chemi-
cal properties of single molecules. 

 The technique has been increasingly applied in the fields of 
biology, biochemistry and biophysics. First results regarded the 
localization of structures with specific IR signature inside cells. 
Candida albicans fungi cells were characterized in air and liquid 
environment [202]. This study showed the correlation between the 
topography and the spectral maps obtained from the absorption in 
the glycogen band at 1080 cm-1 and a lateral resolution for absorp-
tion maps of less than 100 nm. Similarly, it was reported the possi-
bility of localizing viruses inside infected bacteria with a resolution 
of circa 200 nm [203]. Localization of viruses was performed using 
both the amide I mode of the virus capsid proteins (at 1650 cm-1) 
and the maximum of the DNA band (at 1080 cm-1). Similar studies 
allowed identifying polyhydroxybutyrate polymers inside 
Rhodobacter capsulatus cells and the influence of acetone and glu-
cose on their expression [204, 205]. Moreover, the technique has 
been implemented to detect the presence of exogenous elements 
such as metal-carbonyl compounds in human cells and to study the 
variations in the primate osteonal bone composition [206, 207]. 
More recently, it was possible to correlate the amide I signal map to 
the topography of E. Coli and human HeLa cells in order to investi-
gate the distribution of protein-rich material inside the cells [208]. 
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The technique was also successfully employed to characterize the 
lipid content in human stratum corneum and human hair [209, 210]. 
Localization of lipids in strains of Streptomyces (soil bacteria of 
interest for the production of biodiesel) was performed in an analo-
gous way [211]. The combination of topography, IR absorption and 
stiffness maps helped elucidating the formation of lipoprotein com-
plexes in chloroplast lipid membranes having a central role in pho-
tosynthesis processes in plants. These measurements were obtained 
with a lateral resolution of less than 20 nm [139, 212, 213]. 

 One of greatest benefits of the AFM-IR technique is the fact 
that chemical analysis can be performed from the micron scale to 
the nanometer scale. Thus, the technique requires very small quanti-
ties of biological specimens (less than picograms or sub-
femtomoles are sufficient). This is a major advantage when work-
ing with biological materials whose production is expensive and 
time costly such as certain amyloid proteins. For this reason, reduc-
tion of sample quantity to perform routinely IR and secondary 
structure analysis is a problem of extreme importance. For these 
reasons, AFM-IR has posed itself as a powerful tool to the study of 
the conformational changes and the heterogeneity of aggregating 
amyloid solutions. In the first proof of concept demonstrated, the 
system was used to analyze proteins deposited as patterned micro-
droplets by means of a microfluidic system. The off-line assay of 
individual micrometer-sized droplets of biomolecules is an efficient 
way to obtain high-throughput information about many biologically 
relevant processes. In particular, the compartmentalisation of bio-
molecules into monodisperse, micrometer-sized droplets allows for 
quantitative and high-throughput biochemical studies on amyloid 
formation. In this work, integrating droplet microfluidics and AFM-
IR, microdroplets with microns scale diameter of monomeric and 
aggregate solutions of lysozyme were patterned over the ZnSe 
prism of a nano-IR microscope. The instrument enabled to study 
their chemical and structural properties in the characteristic region 
of proteins, where amide I, II and III bands are present (1200-1800 
cm-1). Spectra from the micro-sized droplets containing monomeric 
and aggregated lysozyme were obtained and found to be readily 
distinguishable. In particular, a shift in the amide I band toward 
lower wavenumbers allowed to identify an �-to-� structure transi-
tion associated with amyloid formation [214]. Notably, the volume 
needed to investigate the structural conformation of the droplets 
was extremely tiny, i.e. as small as picograms or sub-femtomoles. 
Similarly, infrared nanospectroscopy enabled a structural charac-
terization of monomeric and macro-molecular aggregates of �-
synuclein. Monomers did not self-organize on the prism surface, 
while fibrils formed rigid rod-like structures with micrometer di-
mensions. The monomeric protein showed an amide I band indicat-
ing a dominating random coil conformation, while the fibrillar  
aggregates were predominantly �-sheet. Thus, the comparison of 
the spatially localized IR spectra showed a net variation of the am-
ide I mode conformation from the monomeric to fibrillar state, 
which well correlated with a random coil to �-sheet transition 
[214]. A subsequent study aimed to apply AFM-IR exploiting po-
larized light to demonstrate the amyloidogenic nature of the Er�17p 
peptide of the estrogen receptor � (ER�) [137]. This receptor is 
involved in breast cancer and it has been found that it can quickly 
form hydrogels, which are receiving increasing attention due to 
their possible use in several medical related applications, such as 
drug delivery, immobilized antimicrobial surfaces and tissue engi-
neering. To identify the highly organized cross-� structure of amy-
loids, this work exploited the possibility to acquire nanoscale spec-
tra with polarized light. Spectra in the range of amide I and II bands 
were acquired to characterize the protein secondary structure and 
amide I band indicated a strong �-sheet and �-turn signatures. 
Moreover, in the amide band I, the work showed a strong depend-
ence on the polarization of the IR absorption. This was a proof that 
Er�17p naturally aggregates in orientated, well-ordered structures. 
In its latest application, infrared nanospectro-scopy has been ap-
plied to characterize at the nanoscale the conformational rear-

rangements of proteins during their aggregation. In particular, the 
work demonstrates that AFM-IR can individually characterize the 
oligomeric and fibrillar species formed along the amyloid aggrega-
tion using as model system the Josephin domain of the ataxin-3 
protein, which is implicated in spinocerebellar ataxia-3. Similarly to 
the above-described studies, the secondary structure rearrangements 
of the amyloidogenic species present during the aggregation proc-
ess are reported, monitoring at the individual amyloid aggregate 
nanoscale an alpha-to-beta transition. These results suggested that 
the aggregation of Josephin proceeds from the monomer state to the 
formation of spheroidal intermediates with a native structure. Only 
successively, these intermediates evolved into misfolded aggregates 
and into the final fibrils. This finding was of fundamental impor-
tance because it demonstrated that proteins were still in their native 
conformation at the earliest state of aggregation. This result was 
independently confirmed by nanomechanical measurements. Repre-
sentative spectra for the different maturation phases, together with a 
sketch of the proposed aggregation pathway and the results of 
Young’s modulus, are shown in Fig. (19). For the first time, AFM-
based techniques were able to correlate at the single aggregated 
species nanoscale the biophysical properties of amyloids, in particu-
lar correlating their intrinsic stiffness with their secondary structure 
content. Furthermore, this work gave for the first direct evidence to 
‘first-aggre-gation-and-then-misfolding’ pathway of amyloid for-
mation [61]. 

CONCLUSION 

 A key reason for the longstanding and widespread interest in 
the biophysical and biochemical studies of amyloid formation is the 
strict link with several human illnesses and neurodegenerative dis-
eases. Despite its fundamental role in biological function and mal-
function, the mechanism of protein aggregation and the fundamen-
tal origins of the connection between the aggregation process and 
cellular toxicity have remained challenging to elucidate at the mo-
lecular level. Strong evidence intimately correlated the physical and 
structural properties of intermediate and final forms of amyloids to 
the biochemistry of neurodegeneration. However, the molecular 
origins of the process of neurodegeneration and its connection with 
amyloid formation remain unclear, which is strongly supported by 
the current lack of a cure to the related diseases. Therefore, unravel-
ing the mechanisms of amyloid formation and polymorphism, as 
well as the mechanical and structural properties of the products of 
their aggregation is fundamental to understand their stability, toxic-
ity and mechanism of clearance from the body. This is central to 
further design new therapeutic strategies against amyloid-related 
diseases. Furthermore, it has been recently found that it exists an 
always-bigger class of functional amyloids occurring naturally in 
several disease-unrelated biological processes and that many artifi-
cial peptides can form amyloid-like structures in-vitro. For this 
reason, in order to appreciate the full potential of amyloid fibrils 
also as biomaterials for future biomedical and nanotechnology ap-
plications, it is important to measure and quantify the structural and 
mechanical properties of amyloid fibrils and understand how they 
are formed. 

 We believe that the development of new biophysical method-
ologies, which are able to bridge together the investigation of mor-
phological and ultrastructural properties of amyloid at the 
nanoscale, represents a fruitful avenue to address the challenge of 
solving the problem of protein self-assembly, to unravel monomer 
misfolding and to elucidate the molecular mechanisms of amyloid 
polymorphism and formation. Such an understanding at the molecu-
lar level of the key (non)-pathogenic processes is crucial in order to 
provide the basis to answer the proposed above scientific questions. 
Indeed, their elucidation is fundamental for establishing approaches 
for the rational design of pharmacological approaches and conse-
quently the prevention of the onset of the misfolding diseases. 
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 Finally, characterizing in a quantitative manner how small 
molecules can modify specific steps in the aggregation process of 
proteins by binding to specific toxic species is considered key for 
the development of drug candidates against misfolding diseases. 
Indeed, chemical kinetics has been tremendously effective and 
powerful in providing exquisite molecular insights into the specific 
microscopic steps that are inhibited by small molecules. However, 
combining chemical kinetics to AFM-based methods, and more 
specifically AFM-IR, is expected to provide a complete knowledge 
of the mechanism of action of small molecules from both, mecha-
nistic and structural point of views. In addition, the application of 
these two methods concomitantly will allow the establishment of a 
correlation between the targeted microscopic steps (i.e. primary 
nucleation, secondary nucleation or elongation) and the structure of 
species involved in this particular step and will provide structural 
insights into the transiently occurring species during the aggrega-
tion pathway that have remained elusive so far. These advances will 
enable a quantitative control on the delay of the onset of aggrega-
tion and the slowing down of its progression. 
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