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1. Introduction

Improving quality of life and prolonging life expectancy are
currently key challenges for society.[1,2] We need to reduce bur-
den of disease and health inequalities of citizens, resulting from

an unhealthy lifestyle and environment, to
improve lifespan and quality of elderly pop-
ulation.[3] One of the main cornerstones to
overcome these challenges is the develop-
ment of novel targeted therapies to fight
debilitating and fatal human diseases, such
as cancer and neurodegeneration.[4–8]

According to recently published epidemi-
ological data, the global occurrence of neuro-
degenerative disorders and cancer together
was of more than 30 million new cases
per year,[1,2] for a total of �160 and
�250 million disability-adjusted life years,
respectively. These diseases together lead
to almost 20 million deaths per year. The
World Health Organization (WHO) esti-
mates increased incidence of �50% for both
cancer and neurodegenerative disorders,
respectively, over the next three decades.
The care expenses associated to these dis-

eases will cost over 20 trillion dollars over the year 2050.[9,10]

The multifaceted mechanisms involved in cancer and neuro-
degenerative diseases cover a wide array of factors, including
internal molecular and genetic factors combined with extrinsic
nutritional, lifestyle, and environmental factors.[11–14] Gene
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Nanobiomedicine promises to revolutionize life quality and expectancy of patients
with cognitive impairment and cancer malignancies, via unraveling key molecular
processes related to their onset useful as biomarkers of disease to develop and
improve the efficacy of therapies. However, it is still a challenge understanding and
identifying these molecular mechanisms as biomarkers of disease, because of their
high-level of polymorphism and nanoscale dimensions. Here, it provides a review
work linking the potential and capabilities of atomic force microscopy (AFM)
technologies in unraveling beyond imaging the common and hidden properties of
transient and nanosized molecular processes in cancer and neurodegeneration.
This study highlights the most prominent operational modes of AFM to achieve
morphological, mechanical, and chemical characterization of the molecular pro-
cesses leading to these diseases. Finally, it outlines the advantages of AFM
compared with other techniques to guide newcomers and stakeholders toward
potential future avenues opened by AFM methods in nanobiomedicine.
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expression and fusion is crucial for disease progression and can
act as a potential prognostic indicator.[15,16] Furthermore, poly-
morphisms and a large number of protein variants and interac-
tions,[5,17] combined with genetics, nutrition, and lifestyle, can
drive complex relationships and molecular mechanisms of can-
cer and neurodegeneration onset and progression, which are yet
to be elucidated.[13,14]

Within genetic and molecular factors, the structural state of
biomolecules at the nanoscale is key for human diseases onset
and progression, with significant impact dictated by the folding,
structure, and supramolecular assembly state of protein. External
environmental factors can trigger pathological transitions
between different protein states in our organism, which are in
turn highly regulated by chaperones keeping protein in a physi-
ological state.[18] For example, redox conditions can promote the
activation of phosphorylation signaling cascades that control
nucleosome and proteasome formation for the breakdown of
DNA[19] and proteins,[20] respectively. Then, aberrant chaperones
behavior fails to regulate protein thermodynamic stability and
conformations, which trigger protein misfolding and aggrega-
tion effects deregulating cell and organism homeostasis.[16,21]

Moreover, metal ions disbalance can significantly affect tertiary
and quaternary structure of proteins, leading to misfolding and
altering their biological function.[22] These misfolded proteins
may have the ability to surpass the components of proteostasis
that are not recognizable by proteosomes,[21] thereby favoring
disease progression.

Cancer and neurodegenerative diseases further share highly
interconnected intrinsic molecular pathways, such as mitochon-
drial dysfunction,[23,24] oxidative stress,[24,25] protein degradation,
misfolding, and aggregation.[16,26] For instance, reactive oxygen
species (ROS) production is implicated in mitochondrial DNA
mutations leading to cancer,[27] fatty acid (FA) oxidation, and sub-
sequent formation of lipoperoxidation products driving brain tox-
icity.[25,28] The pathophysiology of both diseases is also closely
linked by the deregulation of the glycogen synthase kinase 3β
(GSK3β) and sirtuin pathways, which can induce both malignan-
cies.[29] Some efforts have been devoted to this field, such as the
design of artificial transcription factors that have shown promis-
ing capabilities in controlling tunable gene expression and restor-
ing normal cell regulation;[30] however, precise knowledge of
their mechanisms of action is still elusive. Misfolding, alteration
of condensed phase and aggregation of more than 50 proteins is
associated with cancer[26] and neurodegeneration,[24] including
p53 (cancer),[5] Aβ/tau (Alzheimer’s disease),[31,32] α-synuclein
(Parkinson’s disease),[33] prion proteins[34] (Creutzfeldt-Jakob
disease), fused in sarcoma (FUS, Amyotrophic lateral sclerosis,
cancer),[35,36] and huntingtin (Huntington’s disease).[37] The
nature of the aggregates related to cytotoxicity,[38] and the mech-
anisms by which they contribute to disease are still unclear.
However, the abundancy of these proteins in human biofluids
has been correlated with disease onset and progression.[32,39–41]

Moreover, antibody-based pharmacotherapies have targeted neu-
rodegeneration by depleting toxic amyloid aggregates from
brains of patients but yet with modest results.[42,43]

Notwithstanding these efforts, effective disease-modifying treat-
ments nor cures are yet available for neurodegeneration or can-
cer. The above-described illustrative examples evidence the
importance of identifying molecular processes suitable as

biomarkers of disease onset and progression, as well as useful
to tailor therapies.

To unravel external and internal factors contributing to the
onset of cancer and dementia, large international efforts have
led to development of a wide array of analytical methods for char-
acterizing the physicochemical properties of proteins, cells, and
tissues. Many bulk techniques are now available to study average
chemical and structural properties of biomolecular systems and
protein misfolding and self-assembly processes, including small-
angle X-ray scattering (SAXS), nuclear magnetic resonance
(NMR) spectroscopy, dynamic light scattering (DLS), thioflavin
T (ThT) fluorescence assays, infrared (IR) and Raman spectros-
copy, and circular dichroism (CD).[44,45] Among these methods,
kinetic measurements by ThT and chemical kinetics theory are
powerful tools that can be applied to analyze the chain of events
characterizing protein aggregation at the microscopic level.[16] At
the larger biological scale of cellular properties, flow cytometry is
used to distinguish the size and internal complexity differences
of cells, by detecting scattered light at different angles or using
fluorescently tagged antibodies to visualize cell surface and cyto-
plasmic antigens. The concentration of specific analytes within
cells can be detected using enzyme-linked immunosorbent
assays (ELISA). The kinetics of complex biological interactions
and their stoichiometry can be quantified by surface plasmon res-
onance (SPR)[46] or fluorescence cross-correlation spectroscopy
(FCCS).[47] Moreover, cellular and biomolecular interactions
can be addressed via bioluminescence resonance energy transfer
(BRET) measurements.[48] These tools share a common capabil-
ity for measuring cellular and biomolecular adhesion properties.
The mechanical properties of the bulk tissue can be investigated
by ultrasonic testing,[49] multifrequency magnetic resonance
elastography (MRE)[50] or micro-indentation using a Berkovich
tip.[51] These techniques can be combined with deep learning-
based cell-tracking methods to predict modeling for experimental
design and assist analysis of large datasets.[52] However, the main
limitations of the above-described bulk techniques are their lack
of sensitivity to unravel transient phenomena, single molecule
events, and hidden short-lived cellular states.

Single-molecule techniques have emerged as promising alter-
natives to overcome the drawbacks of bulk approaches, which are
unable to characterize the heterogeneity of complex biomolecular
pathways and cellular heterogeneous states. Optical tweezers
(OT) can trap single molecules and cells by using a highly
focused laser beam.[53] For instance, OT monitor the force inter-
actions displayed at cell interfaces during cellular migration to
explore the membrane forces that guide the uptake of particles
into cell bodies.[54] Alternatively, magnetic tweezers (MT) can
manipulate objects by the precise movement of paramagnetic
beads through externally applied magnetic fields. MT offers
excellent results in stretching biomolecules[55] and unravelling
cellular nanomechanics.[56] The outstanding noise-threshold
force detection limits of OT and MT are below 15 pN, but these
tools do not allow the imaging and visualization of the tested
samples.

Atomic force microscopy (AFM) is a multiparametric tech-
nique capable of nano-imaging, determining a variety of physi-
cochemical properties and investigating the interplay between
the structure; chemistry; adhesion; and mechanics of cellular
systems, biomolecules, and their exerted biology functions.[57]
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AFM reconstructs the 3D morphology of a sample on a flat sur-
face by monitoring the distance-dependent interaction forces
between a sharp probe and the sample, with Ångström sensitivity
on the vertical axis and lateral spatial resolution in the range of
�0.5–10 nm, achieving pure single-molecule sensitivity.[44,45]

High-speed AFM (HS-AFM) enables video-rate image acquisi-
tion to monitor biomolecular structure and dynamics in motion
with a resolution well below 1 s per frame in in liquid physiologi-
cal conditions.[58] The nanomechanical properties of the sample
can also be assessed using the AFM cantilever as a force sensor
and the tip as a nano-indenter, which causes elastic sample defor-
mations after applying a load force.[59] The use of chemically
functionalized tips allow AFM-force spectroscopy (AFM-FS)
measuring the specific intra- and intermolecular adhesion forces
when the tip interacts with the most external sample surface;[60]

the unbinding events are then measured through force-distance
curves when the tip is retracted and the formed biology complex
dissociates. Molecular recognition imaging studies are con-
ducted by AFM-FS when the setup operates in the low-force
regime and the unspecific tip-sample forces become negligi-
ble.[61] The development of fast AFM-FS has further allowed
simultaneous and quantitative mapping of morphology and
nanomechanical properties of cells and tissues,[62] as well as
to study the changes in stiffness of biomolecules and proteins,
for instance, as a function of their structural polymorphism[63]

and variations in sequence.[64] AFM can be further combined
with the chemical recognition power of vibrational spectroscopy,
such as Raman[65] and infrared (IR) spectroscopy.[66,67] The com-
bination of the high spatial resolution of AFM with the chemical
recognition power of IR has led to the development of infrared
nanospectroscopy (AFM-IR) to enable simultaneous multimodal
nanoscale imaging of the morphology andmechanical and chem-
ical properties. AFM-IR analysis can be performed both in liq-
uid[68] and air environments,[64,69] down to single-molecule
detection of protein chemical–structural properties.[66,70]

In contrast to other nanoscale techniques, such as electron
microscopy (EM), AFM allows 3D nanoscale analysis with no
need for class-averaging and beyond imaging and multimodal
analysis of the physicochemical properties of biomolecules, cells,
and tissues. As further advantage, AFM can be carried out in any
media, such as air, vacuum, and liquid mimicking physiological
conditions (buffers and temperature) occurring in living organ-
isms. An essential advantage of AFM is its ability to measure liv-
ing cells in a liquid environment at an appropriate temperature
(37 °C) to provide physiologically relevant conditions.[71,72] AFM
requires only minimal quantity of sample (μL); it does not
require labelling (label free) or the addition of external contrast
agents compared with other techniques, such as scanning elec-
tron microscopy (SEM). Coating the bio-sourced sample surface
with sputtered contrast agents could drive unwanted artifacts,
such as potential sample damage and modifications of its
topography.[73]

AFM-based technologies have been then successfully applied to
address the molecular actionmechanisms of several human pathol-
ogies or to act as sensitive biosensor for detection of stage of disease,
in the case of pathologies caused by: viruses and bacteria;[74]

maligns cancers, such as breast,[75] cervical,[76] and ovarian;[77]

and protein misfolding diseases, such as the neurodegenerative
Parkinson’s disease (PD),[33] Alzheimer’s disease (AD),[32]

amyotrophic lateral sclerosis (ALS),[78] Huntington’s disease
(HD),[37] ataxias,[79] and Creutzfeldt–Jakob prion disease.[34]

In cancer research, AFM offer a noninvasive platform for the
nano-analysis of cells and tissues, such providing unprecedented
details on cell membrane shape and stiffness.[75,80] Imaging can
be used to differentiate between cancer and normal cells and
evaluate the interactions between neighboring cells.[71] AFM-
FS can measure nanomechanical differences between tumor
nodes and neighboring tissues with exquisite precision, allowing
to identify single cancer cells.[81,82] AFM-FS has been further
used to image and measure the stiffness of intracellular compart-
ments and protein structural components within cells, such as
microtubules.[83,84] AFM-IR can further provide correlative infor-
mation on surface topography and chemical signature of cells,
allowing the identification of specific biomarkers that may be
crucial in distinguishing between different types of cancer
cells.[85] These capabilities make AFM-methods a strong con-
tender in the field for detection, diagnosis; having the potential
to monitor the effectiveness of treatments[86] by observing the
changes in mechanical and chemical properties before and after
treatment. This could lead to personalized and effective treat-
ment strategies to improve the prognosis of cancer patients.[71]

In neurodegeneration, the above described features have been
used for studying the structure, mechanical and chemical prop-
erties of misfolded protein, and their amyloid assemblies.[44,45,87]

Nano-imaging can detect and discriminate different amyloid spe-
cies at different aggregation time occurring in vitro, for instance,
to study of α-synuclein,[88–90] prion,[34,91,92] huntingtin,[37,64,93,94]

Aβ,[95,96] FUS,[35,78] as well as in vivo human biofluids[40,41,97] and
tissues.[32,33,98] AFM empowers performing ultrastructural stud-
ies of protein aggregates and understand how their morphology
changes with the variation in internal factors in living organisms
or with extrinsic factors in vitro.[99] AFM-FS and nanomechanical
imaging methods accurately probe the mechanical properties of
protein aggregates and help understand how they influence amy-
loid toxicity.[63,89,100] Moreover, AFM-IR can be exploited to col-
lect crucial information on the secondary and quaternary
structures of protein and their self-assembly state, to study
how the chemical signature of aggregates is related to their
toxicity.[35,64,70]

In this review work, we highlight in detail these achievements
and further potential of AFM-based methods to perform 3D
nanoscale characterization beyond imaging of key molecular
mechanisms involved in the onset and progression of cancer
and neurodegenerative diseases. In the frame of the study of
these disorders, we first illustrate the basic principles of sub-
nanometer revolved AFM imaging and video-rate HS-AFM to
study the 3D morphology and heterogeneity of single molecules
and cells. We then delve into force spectroscopy-based molecular
recognition and mechanical nanoscale analysis to unravel adhe-
sion and stiffness properties. We finally highlight the latest devel-
opments of AFM-IR to empower nanochemical analysis of
submolecular and subcellular physicochemical structural states.
This review work not only highlights most recent breakthroughs
but also summarizes common molecular mechanisms between
these apparently unrelated pathologies. These approaches and
information may lead to the development of next-generation
nanobiomedicine approaches and identification of novel thera-
peutic targets.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2025, 5, 2500351 2500351 (3 of 45) © 2025 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202500351 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [27/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-science-journal.com


2. Molecular Mechanisms of Cancer and
Neurodegeneration

2.1. Cancer Diseases

Cancer, a disease characterized by the uncontrolled growth and
spread of pathological cells, is a global health concern.[1,101] Cancer
arises from the transformation of normal cells into tumor cells in a
multistage process that generally progresses from precancerous
lesions to malignant tumors. These changes are the result of the
interaction between the individual person genetic factors and exter-
nal agents,[11] such as toxins, ultraviolet, and ionizing radiation.[102]

Several key genetic and molecular mechanisms are related to
the onset and progression of cancer, such as mutated oncogene-
sis and/or genes suppression,[15,27,103] extracellular matrix
(ECM),[71,104] cytoskeletal remodeling,[105] and altered membrane
rigidity[104,106] (Figure 1A). These molecular mechanisms drive
proliferation and formation of cancer tissue (Figure 1B).

DNA alterations affect cell growth, division, differentiation,
and their survival (Figure 1C).[15,27,107] These genetic mutations
can be inherited or acquired, leading to the dysfunction of critical
regulatory pathways. Key processes involved include activation of
oncogenes, loss of tumor suppressor genes, and defects in DNA
repair mechanisms.[108] Environmental factors, such as viruses
also lead to damage the host DNA in cells, which can trigger
uncontrolled cell growth and division.[12] Additionally, cancer
cells can evade immune detection and create an environment
that supports their growth, while inhibiting normal cellular func-
tions.[104,109] Cancer cells often exhibit altered metabolism,
which allows them to survive and proliferate under conditions
that are unfavorable to normal cells.[109,110] The ability of cancer
cells to metastasize and invade other organs and tissues is a crit-
ical step in the progression to a lethal disease.[104,111]

Alterations in the design and organization of the cytoskeleton
and membrane cellular structures, as well as the extracellular
matrix, manifest as altered mechanical properties of tumors
(Figure 1D).[81,112] The stiffness of certain types of cancer, such
as solid tumors located within soft tissues, enables their detec-
tion by physical palpation. Despite increased density of cancer
tissue, most scientific literature indicates that cancer cells are
generally softer than their normal counterparts, more deform-
able, and more motile.[113] These changes have been described
for example for breast,[75] bladder,[80] and many other cancer
cells.[71,114] Increased motility enhances the invasive properties
of cells, allowing them to penetrate neighboring tissues and ves-
sels, ultimately facilitating metastasis.[112]

A key mechanisms responsible for the mechanical changes in
cancer cells is cytoskeletal remodelling.[105] The cytoskeleton, a
network of protein-based polymers (actin, tubulin, and interme-
diate filaments), maintains the shape of the cell, secures intracel-
lular organelles at specific positions, enables cell movement, and
plays a crucial role in cell division. In cancer cells, mutations and
environmental pressure can cause structural distortions of the
cytoskeleton; resulting in enhanced contractility, generating ten-
sion on the cell membrane, and further pulling on the surround-
ing ECM. Membrane tension is another key molecular
mechanism that leads to mechanical changes in cancer cells.[112]

Healthy cells maintain a delicate balance of forces on their cell
membranes to preserve their shape and volume. However,

cancer cells often exhibit altered chemical composition and
membrane tension. Cancer cell membranes exhibit increased
phosphatidylethanolamine (PE) and negatively charged phospha-
tidylserine (PS) lipids, lower cholesterol and long-chain ceramide
levels, and higher polyunsaturated FAs. Membrane tension is
primarily due to changes in cytoskeletal structure and ion chan-
nel activity, which can promote cell migration and invasion and
contribute to cancer progression.[112] The uncontrolled prolifera-
tion of tumor cells leads to their dense accumulation within a
defined space. Cytoskeletal and membrane tension are, in turn,
transmitted through the ECM. Consequently, the ECM under-
goes significant remodeling, including changes in the composi-
tion and organization of collagen fibers, leading to increased
cross-linking and enhanced matrix stiffness. Prolonged compres-
sive stress can induce collagen fiber deposition and parallel align-
ment.[115] Also, tumors are often characterized by disturbed
“in–out” fluid balance in the interstitial space and increased
interstitial fluid pressure (IFP).[104,110] This is primarily due to
the abnormal growth of blood vessels within the tumor, leading
to the leakage of fluid into the interstitial space and poor lym-
phatic drainage. The resulting fluid buildup contributes to
mechanical pressure within the tumor, creating a vicious cycle
that further enhances tumor stiffness and aggressiveness.

Understanding at the nanoscale the altered morphological,[116]

mechanical and chemical properties[117,118] of individual cells
and tumor nodes driven by cytoskeletal remodeling,[105] mem-
brane tension alterations,[112] and extracellular matrix impair-
ment[104,119] can provide valuable insights into disease progression,
diagnostics, and treatment. For instance, altered stiffness and
increased motility of cancer cells could be used as biomarkers
for cancer diagnosis,[106,120–122] as well as critical molecular infor-
mation for understanding the pathogenesis of cancer and devel-
oping new therapeutic strategies.

2.2. Neurodegenerative Disorders

Neurodegenerative diseases belong to a class of diseases called
amyloidosis or misfolding disorders, which involve the misfolding
of specific proteins or peptides, leading to the subsequent forma-
tion of self-assemblies termed amyloids (Figure 1E).[16,123] The
majority (>90%) and most common disease, such as AD and
PD, are predominantly sporadic;[16] however, there exist hereditary
forms of neurodegenerative disorders, such as HD,[124] and infec-
tious diseases, such as spongiform encephalopathies.[16] Themajor-
ity of these pathologies share common characteristics, such as
cognitive deficits, behavioral disturbances, and motor impairment.

These similarities in symptommanifestation are also associated
with a common etiology at the microscopic and nanoscopic level.
It is widely accepted that neurodegenerative diseases are associ-
ated with protein misfolding and aggregation.[16,24] This idea
was proposed several decades ago after the identification of protein
aggregates in brain biopsies of patients with AD (Figure 1F).[125]

Despite obvious differences in the sequences of different proteins
which undergo aggregation, the intermediate and final species
produced during amyloid formation share common universal fea-
tures (Figure 1G).[123] The final insoluble products of aggrega-
tion, namely amyloid fibrils, are all characterized by a universal
cross-β-sheet structure, independent of the initial monomer.
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Figure 1. Common biomolecular processes in cancer and neurodegeneration diseases. A) Molecular mechanism associated to typically involved bio-
molecules. B) Schematics of human tissue and the C,D) associated molecular mechanisms of cancer: Mutations in certain oncogenes and gene-
suppressors are primary causes of malignant transformation of normal cells; dysregulated growth of cancer cells affect proteins of extracellular matrix,
which undergo significant remodeling, including changes in the composition and organization of collagen fibers, leading to increased cross-linking and
enhanced matrix stiffness; mutations and environmental pressure can cause cytoskeleton structures to change, resulting in enhanced contractility; and
changes in membrane mechanical properties due to acidic environments and compressive force promote cancer cells invasion. E) Misfolding and
aggregation of protein and peptides are associated with the onset of devasting neurodegenerative disorders. F) Protein misfolding causes the structural
change of protein structure and liquid-liquid phase separated state to form gel-like condensates and amyloid aggregates in the brain of patients.
G) General depiction of protein condensation and its recently unraveled link with amyloid formation.
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The cross β-sheet structure consists of β-strand repeating subunits,
forming a hydrogen-bonded β-sheet, perpendicularly oriented
with respect to the fibril axis. All amyloid fibrils show nanometers
scale diameter and lengths of up to several micrometers.[44]

Originally, in the framework of the so-called amyloid hypothesis,
it was postulated that neurodegenerative diseases are caused by
the formation and accumulation of amyloids in the brain.[125]

However, several consistent pathological observations suggested
that amyloid fibrils may not be toxic agents and led to the recon-
sideration of this hypothesis.[125] These findings include the follow-
ing: Amyloid fibrils derived from different proteins were found in
the post-mortem tissues of people not affected by neurodegenera-
tion; amyloid load did not always correlate with disease onset or
severity; the absence of a correlation between the extent of fibril
formation and neurodegeneration in AD animal models;[126,127]

and therapeutic clearance of amyloid plaques in humans did
not yet fully result in reversal or improvement in clinical symptoms
of AD.[125] These evidences boosted the research for alternatives to
the amyloid hypothesis and led to the formulation of the oligomer
hypothesis, which states that oligomers, rather than fibrils, may be
the primary cause of toxicity and cell death in AD[32] and PD.[33,123]

Oligomers are intermediate, low-molecular-weight aggregates
on-pathway and off-pathway of amyloid fibrils formation
(Figure 1G). Structurally, they exhibit a mixture of size, shape,
and secondary structure conformation[6] often containing intermo-
lecular cross-β-sheet conformations. However, compared with amy-
loid fibrils, oligomeric intermediates often exhibit poorer binding to
the amyloid-specific dyes thioflavin T/S (ThT/S) and Congo red,[128]

thus indicating they do not fully acquire the cross-β structure char-
acteristic of amyloid fibrils. Similar to amyloid fibrils, oligomers
display high polymorphism and heterogeneous dynamic and struc-
tural properties. This high degree of polymorphism has shown that
it is unlikely that a specific molecule or antibody would recognize
all types of oligomers formed by one protein, thus hampering
the development of successful pharmacological approaches.[123]

Furthermore, the intrinsic heterogeneity and metastability of
oligomers make difficult to isolate and investigate their structural,
functional, and toxic properties of a single oligomeric species.

Notwithstanding this challenge, several studies have shown that
the different physical-chemical properties of oligomers can lead to
different mechanisms of toxicity, including membrane permeabi-
lization, calcium dysregulation, mitochondrial damage, inflamma-
tion, and oxidative stress.[6,16,17] Hydrophobic oligomers were
observed to interact more readily with lipidmembranes, while size
and shape of the aggregates may determine their affinity of bind-
ing to receptors. Further successful attempts demonstrated spe-
cific mechanisms of toxicity exerted by recently discovered
elongated oligomeric species, termed protofilaments.[32,38,89,98]

These protofilament species lack a mature cross-sheet structure
and exhibit a high degree of flexibility, allowing the formation
of an annular pore-like structure.[98] In vitro studies have shown
that mutations of the amyloid-β (Aβ) peptide and α-synuclein (αS)
protein, which are linked to the onset of AD and PD respectively,
may promote the formation of amyloid pores with toroidal shape
on the surface of the cell membrane causing its permeabilization
leading to cellular toxicity.[123]

In the last years, the process of protein aggregation has been
placed in the broader context of protein liquid–liquid phase separa-
tion (LLPS, Figure 1G).[129] Many proteins associated with the

onset of neurodegenerative diseases undergo LLPS, such as
αS,[130,131] Tau,[132] Huntingtin,[129] FUS,[133] and TARDNA-binding
protein 43 (TDP-43).[134] The protein-rich phase resulting from
phase separation consists of liquid-like condensates, also known
as biomolecular condensates. These condensate act as mem-
braneless organelles in our cells, which include nucleoli,[135]

stress granules,[136] and Cajal bodies,[137] fulfilling crucial tasks
for cellular functioning, such as gene expression, response and
adaptation to stress, and ribosome biogenesis.[135,138] However,
the attractive interactions needed to initiate phase separation,
and the increased protein concentration within condensates,
may also prepare the ground for the formation of irreversible
fibrillar aggregates that are related to protein malfunction and
the onset of neurodegeneration.[139] Indeed, it has been shown
that liquid-like condensates can act as intermediates in amyloid
formation via a liquid-to-solid transition.[140] For example, the
low-complexity domain of hnRNPA1 and FUS, proteins involved
in ALS, showed that condensates promote fibril formation via
their interface.[78,130] The liquid-to-solid transition is thus not
spatially uniform within a condensate, and the interface between
the dense and dilute phases of condensates can promote amyloid
formation by inducing conformational changes and affect fibril
nucleation.[141] Thus, protein condensation may act as key molec-
ular mechanisms regulating health protein function versus pro-
tein malfunction in disease and neurodegeneration.

Overall, the current state-of-the-art suggests that the heteroge-
neous molecular interplay at the nanoscale between phase separa-
tion, protein misfolding and amyloid formation is key for the onset
and progression of neurodegenerative disorders. Thus, single-
molecule techniques, such as AFM, have the potential to unravel
these molecular mechanisms and provide fruitful avenues for the
development of targeted therapeutics against neurodegeneration.[8]

3. 3D Morphology Nano-Imaging by AFM

AFM has emerged as one of the most powerful and versatile
single-molecule techniques because of the possibility of
acquiring 3D morphology maps of biological specimens, with
Ångström resolution on the vertical axis (<0.1 nm, Z), and at best
with �0.5–1 nm lateral resolution on the XY axis,[45,142] in both
air and their native liquid environment.[45,143,144] The limited res-
olution on XY direction is inherent to AFM convolution effect,
where the tip apex size and shape dictate the lateral resolution
on the scanned feature.[45] AFM nano-imaging can detect key
hallmarks linked to proliferation and inhibition of cancer pro-
cesses in tissue, as well as unravel the processes of amyloid for-
mation in vitro and ex vivo. This knowledge could significantly
aid in a better understanding of the molecular mechanisms
underlying these diseases, opening promising gates in the devel-
opment of fast and point-of-care diagnostic methodologies.

3.1. Principles

AFM setup was developed using several structural components
(Figure 2A).[45,144] The AFM probe is placed at the end of a canti-
lever, which can be considered a flexible oscillator with multiple
resonance frequencies.[145] The probes commonly used in AFM
are made of silicon or silicon nitride, which can be pyramidal,
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cylindrical, or conical in shape, with an apical radius typically
between 1 and 50 nm.[45] Spherical colloidal probes with larger
radius up to above 10microns are commonly used to avoid dam-
aging the structural integrity of cells.[146,147] The cantilever is
mounted in a holder to perform measurements. Cantilevers can
have different geometries, the most common of which are triangu-
lar or rectangular, typically 10–200 μm in length.[145] Normally,
the holder is customized depending on whether the measurements
are performed in liquid or air environments.When the experiments
are conducted in liquid media, if the system does not use a specific

liquid cell, the holder can be sealed to the substrate by an accessory
O-ring system to prevent buffer release which can damage the pie-
zoelectric scanner tube. AFM measurements with an environmen-
tal chamber can precisely control the relative humidity or
temperature by coupling a Peltier heating stage accessory.[148]

In the simplest operational mode of AFM, termed contact
mode, the force (F) sensed by the probe at the end of the flexible
cantilever follows the linear Hookean relationship Equation (1)[45]

FðxÞ ¼ �kΔx (1)

Figure 2. AFM working principles and example of application to cancer cells. A) Simplified representation of an atomic force microscope (adapted and
printed from ref. [144]). B) Schematic of AFM scanning modes and C) related AFM tip-sample potential energy representation. D) Schematic represen-
tation of a change in the effective frequency feff of oscillation in tapping mode and noncontact mode. E) MCF-7 breast cancer cells labeled with anti-
vasodilator-stimulated phosphoprotein (VASP) antibody and 4 0-6-diamino-2-phenylindole (DAPI) dye and visualized by fluorescent microscopy combined
with AFM (green and blue colors, respectively). Printed with permission from,[176] Copyright 2019, Wiley. F) Morphology of HCC38 human breast
cell lamellipodium after exposure to X-rays at different scan sizes. 1) 110 μm � 110 μm (3D-map); 2) 110 μm � 110 μm; 3) 45 μm � 45 μm; and
4) 16 μm � 16 μm. Printed with permission from,[210] Copyright 2021, Multidisciplinary Digital Publishing Institute.
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where k (N/m) is the spring constant of the AFM cantilever andΔx
(m) is the cantilever deflection that typically ranges from 0.1 to
1000 nm. This enables the routine measurement of forces in
the order of 5� 10�12 N.[149] Cantilever deflection is typically mon-
itored by a laser beam reflected off its external side onto a position-
sensitive photodetector (PSD).[144,145] PSD is divided into four
quadrants, and the relative laser position is recorded with the can-
tilever bending caused by the AFM tip-sample interaction, provid-
ing information about the surface topography.

To acquire 3D morphology data, the sample needs to be depos-
ited and immobilized on an, possibly atomically, flat substrate.
Commonly used substrates include mica, mica-APTES, highly
ordered pyrolytic graphite (HOPG), gold, silicon, zinc sulphide
(ZnS), zinc selenide (ZnSe), and glass among others.[45] In this con-
text, different types of functionalization allow differential adsorp-
tion and avoid non-desirable dragging during scanning.[150]

Electrostatic and covalent strategies have been developed to achieve
this purpose.[151] Yet, the process of deposition of biological sam-
ples on the surface of choice is widely based on hands deposition.
Thus, it is highly dependent on the manual skills of the operator. A
generic methodology of sample preparation conceptually consists
of the following key steps:[152,153] i) deposition of the sample onto a
solid surface; ii) rinsing with water or ideally with the working
buffer to detach weakly attached molecules, for measurements
in liquid environment; iii) and drying the sample for measure-
ments in air. These steps together take an amount of time ranging
from a few seconds to several minutes. The time and concentration
of deposition of the sample via physio- or chemisorption must be
carefully evaluated, since during the deposition time several arti-
facts can often occur and frustrates quantitative AFM studies of
biological samples.[152] Indeed, the accurate control of the quantity
of biomolecules in the sample deposited on a surface is challeng-
ing. Moreover, during the time of adsorption, the biomolecules
could orient, align and self-assemble following the crystalline order
of the surface.[152] Moreover, the use of substrates with a fixed
charge state do not guarantee that the full content of the sample
in solution will be attached on the surface after rinsing and/or
the drying steps. In the case of cells, growing them directly on bio-
compatible of functionalized surfaces, such as glass, ZnSe, ZnS,
CaF, and BaF, is a suitable approach. However, for biomolecules
and biofluids, electrostatic repulsion and competitive binding
between different molecules in solution can reduce the fraction
of the adsorbed molecule on the surface. While these deposition
artifacts can be greatly reduced by expert users, they are a primary
cause of misinterpretation of the content and biophysical proper-
ties of heterogeneous biological systems by unexperienced users
and newcomers. To overcome the limitations of manual prepara-
tion of AFM samples, recently a lab-on-a-chip microfluidic spray
deposition has been proposed.[152,153] This microfluidic spray han-
dles valuable biological sample depositing them in a single step on
a surface in the form of droplets of subpicoliter volume evaporating
in a time scale of milliseconds. The single-step deposition and the
millisecond drying allow preserving the full heterogeneity and
molecular conformation of the biological sample under investiga-
tion for nano-analysis by conventional AFM imaging, as well as by
more advanced modes further described in this review.

After the sample is deposited on, a surface is then mounted on
a piezoelectric scanner made of a ceramic material which is able
to move the sample with respect to the probe in the vertical (Z)

and horizontal (X, Y) directions.[45,144,145] The piezoelectric
elements expand or contract in response to externally applied vol-
tages, thereby enabling precise sample positioning in the three-
axis direction. Open-loop piezoelectric scanners assume that the
displacement is linearly proportional to the voltage; thus, they are
subjected to hysteresis, creep, and cross-coupling that negatively
affect their performance.[154] The eventual nonlinearity effects
and skew errors generated by open-loop scanners can be elimi-
nated by applying image-field corrections[155] or by using more
advanced close-loop scanners, which can be coupled with feed-
forward vibrational control sensors to reduce noise.[156] Positive
position feedback (PPF) control can be also implemented to com-
pensate cross-coupling scan-induced vibration.[157] Further
efforts have been devoted to developing nano-positioning stages
to control the close-loop velocity to improve performance com-
pared with PFF systems.[158] Electronic controllers are finally
responsible for processing photodetector signals by integrated
lock-in-based alternating current detection. Proportional-
integral-derivative (PID) controllers manage fast feedback to
acquisition signals using a closed-loop system; iterative learning
algorithms have been developed to tune PID parameters and
optimize AFM-acquired signals.[159]

AFM can be operated in different imaging modes divided into
static and dynamic ones.[45,142] Figure 2B shows some of the
most commonly used imaging modes, with their respective can-
tilever amplitude modulation motions according to the excitation
frequency.[45] First, in static contact mode, the AFM tip is in close
contact with the surface of the sample. The feedback is settled by
the cantilever deflection, as measured by the 4-quadrants photo-
diode; in this mode of operation, strong repulsive and frictional
forces dominate (Figure 2C). Thus, AFM probes with a low
spring constant are recommended to avoid damaging sample
integrity.[160] However, the contact mode is not ideal for soft bio-
logical matter measurements, because the lateral shear forces
exerted by the cantilever tip can distort the biological structure
of the assessed samples. To overcome the limitations of
contact-mode AFM, alternative operational dynamic modes have
been developed, which can be divided into: amplitude modula-
tion (AM) and frequency modulation (FM) modes, Force-
Volume, and PeakForce Tapping.[142]

Both AM and FM can be operated in the single-frequency (SF)
and multifrequency (MF) modes.[142,143] AFM dynamic modes
are based on intermittent contact between the tip and the sample
because of the constant oscillation of the cantilever. In AM (or
FM), the cantilever amplitude (or frequency) is the controlled
feedback and changes in the amplitude (frequency) oscillation
detect variations in the Z direction owing to the topography con-
tribution of the sample surface.[45] For this purpose, the cantile-
ver is driven close to its resonance frequency ( f0),which is given
by the lever spring constant and mass (m) (Equation 2).[145]

f 0 ¼
ffiffiffiffi
k
m

r
(2)

f0 shifts when the AFM probe approaches the sample surface
because of changes in the effective spring constant (keff ), which
are induced by the sensed tip-sample forces, leading to a damped
harmonic oscillator (Equation 3).[145]
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keff ¼ k0 �
∂F
∂z

(3)

In AM, the feedback loop controls the oscillation amplitude,
and two main regimes can be differentiated (Figure 2D):
i) tapping, when the oscillation is close-below to its resonance fre-
quency, and the tip-sample interaction is a dynamic interplay
among attractive (e.g., Van der Waals or electrostatic interactions)
and repulsive forces (Pauli repulsion),[45] and ii) noncontact, when
the oscillation is close-above to its resonance frequency, and the tip
mainly senses long-range van der Waals interaction forces.[45]

Moreover, multifrequency AFM (MF-AFM) was also developed
to map multiple sample properties during the imaging acquisi-
tion.[59,161] MF-AFM operates at higher Eigenmode excitation fre-
quencies, and the leverage of the nonlinear dynamics of cantilever
oscillations with nonlinear sample force potentials allows the
simultaneous detection of different sample properties, such as vis-
coelasticity.[162] Optimization of the cantilever architecture enables
the tuning of higher-order Eigenmodes to increase the spatial-tem-
poral image resolution.[163]

Force volume allows imaging of the morphology of soft matter
using as control feedback the force of interaction between the tip
and the sample in contact mode, allowing to collect complemen-
tary mechanical information along with morphology by recording
cantilever deflection during approach-retraction cycles.[164] Force
values (F) are measured at each coordinate of the surface (x,y),
as a function of the distance from the sample (z), to retrieve its
morphology.[57] Therefore, a force-volume map contains force val-
ues per each spatial coordinate (x,y,z). When the tip is withdrawn
from a pixel, it is modulated by a triangular function tomove to the
next point; thus, lateral forces are minimized avoiding damage of
soft samples. However, time of acquisition are significantly slower
than AFM dynamic modes, such as AM and FM. To overcome the
drawbacks of force-volume imaging, PeakForce tapping has been
developed.[63,165,166] Peakforce tapping retrieves themorphology of
the sample by intermittently contacting the tip at frequencies well
below the cantilever resonances, usually between 0.25 and
2.0 kHz, and using as feedback a peak force setpoint.[167] The peak
force setpoint is the maximum value of the force imposed to the
sample and can be as small as 10 pN, thus preventing sample dam-
age.[168] Differently from force-volume, leveraging a sinusoidal
modulation of the z-position of the tip, rather than a triangular
one, further avoids resonances at the inflection point and allows
to acquire morphological and mechanical information as in con-
ventional dynamic modes.[63,69]

Overall, MF-AFM, AM(FM)-AFM, and Peakforce modulations
are the most common and suitable options for imaging soft-
matter samples. Although not independent, two different types
of resolution should be distinguished: lateral and vertical.[45] The
vertical resolution is limited by both noise from the detection sys-
tem and thermal fluctuations of the cantilever and is normally on
the order of 10 pm.[45] Lateral resolution is affected by three main
factors: the instrumental resolution, defined by the ratio between
the size and number of pixels of the image, the precision and
sensitivity of the piezoelectric scanner movement along the
XY direction, and the radius of the scanning tip. Additionally,
for lateral resolution, tip convolution should be considered in
AFM imaging measurements. This broadening effect is based
on the finite volume of the AFM tip whichmay obscure boundary

location points.[45] Deconvolution correctionmethods are employed
to reconstruct the gathered AFM images and obtain detailed mor-
phological structures of the scanned features after the algorithm
iteration steps according to the tip geometry.[169] Furthermore,
these smart algorithm frameworks can be extended to identify
the relationships between the tip geometry and surface roughness,
providing robust models to quantify other types of tip-sample sur-
face effects.[170] Thus, the selection of the AFM probe directly
depends on the purpose of the measurements and nature of the
scanned sample. Different tip shapes and sizes are commercially
available. For ultrasensitive studies, it is possible to control the
growth of a single carbon nanotube on the AFM tip apex, achieving
lateral resolutions below 1 nm.[171] For the morphological study of
cancer cells and amyloidogenic proteins in physiological conditions
soft AFM probes (k= 0.2–10N/m) with sharp tips (nominal
radius< 5 nm) and dynamic imaging modes are recommended.

3.2. Nano-Imaging of Biomolecular Mechanisms in Cancer

High-resolution nanoscopic imaging of cancer cells and tissues
allows for a detailed examination of their morphology, including
dynamic modifications of the cellular membrane.[116] For exam-
ple, surface topography roughness has been demonstrated to act
as an efficient marker to track cancer cell response.[172] The over-
expression of scaffold/matrix-associated region 1-binding protein
(SMAR1) resulted in a loss of cellular roughness, and the migra-
tion dynamics of tumor spheroids in 3D cell cultures was proved
dependent on cellular roughness.[116] SMAR1 protein triggers the
activation of the tumor suppressor p53 through serine-15 residue
phosphorylation,[173] driving the activation of the p21 downstream
effector.[174] Consequently control SMAR1-siRNA treated cells in
mouse melanoma (B16F1), human embryonic kidney 293, and
human breast cancer (MCF-7) cell lines showed decreasing cellu-
lar roughness, and different migration dynamics.[116] All these
findings highlight the strong impact of membrane architecture
on cancer cell behavior. Accurate topography characterization is
not only relevant for cancer cells but also for those bodies to which
they interact. For example, anisotropic topographic microgratings
can modulate the migration pattern of breast cancer cells via
microtubule reorganization.[175]

AFM can also be coupled with other techniques, such as fluo-
rescence microscopy, to gather complementary information
about cancer cell signaling events, enabling a deeper understand-
ing of cellular processes. For example, MCF-7 breast cancer cells
have been immunolabeled with 4 0-6-diamino-2-phenylindole
(DAPI, blue) to visualize the cell nucleus, and with
antivasodilator-stimulated phosphoprotein (VASP, green) anti-
bodies to visualize lamellipodia formation (Figure 2E).[176,177]

This dual labeling is crucial since cancer typically leads to dereg-
ulation of the cell cycle and abnormalities in DNA accumulation,
promoting the lamellipodia formation by actin polymerization,
which is closely related to cell migration and invasion in cancer.
The high-spatial resolution of AFM have allowed visualizing the
3D structure of the actin networks within the lamellipodium, in
the case of cells subjected to procarcinogenic soft X-ray irradia-
tion (Figure 2F).[178] The versatility of combining AFM nanoscale
imaging combined with fluorescence microscopy is further
highlighted by the possibility to study dynamic processes, such
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as cancer cell phagocytosis mediated by fragment crystallizable
(Fc) macrophage receptors.[179,180] During this process the fast
actin cytoskeleton reorganization allows the proper engulfment
of tumor cells,[181] via the formation of cellular membrane pro-
trusions. AFM was able to discern the morphological changes in
cellular membrane ultra-microstructures during the stages of
macrophage phagocytosis.[180] Beyond merely observing, several
strategies have been proposed to enhance this recognition and
attack approach, via increasing cancer cell roughness by incorpo-
rating gold nanoparticles to making them more susceptible to
detection and engulfment by Fc macrophage receptors.[182]

Finally, the combination of AFM with machine learning has
opened new avenues for differentiating cancer cell lines with dif-
ferent degrees of aggressiveness.[183] For example, machine learn-
ing significantly enhanced the accuracy of identifying neoplastic
malignancy levels of two genetically altered colon cancer cell lines
(HT29 and Csk) from nearly 70% to 94%.[184] Machine learning
converted AFM imaging data to surface parameters, creating a data-
base after training subsets to optimize their sensitivity and accuracy
by cross-validation.[52] Furthermore, support vector machine algo-
rithms could achieve up to 82.5% accuracy for prostate cancer cells,
when logistic regression-classified frameworks were based on the
feature selection method.[185] These compelling examples corrobo-
rate the robustness of data interpretation when nano-imaging is
combined with machine learning methods. This powerful synergy
offers a promising tool to unequivocally distinguish healthy cells
and tissues from their carcinogenic counterparts.

3.3. Nano-Imaging of Biomolecular Processes in
Neurodegeneration

During the onset of neurodegeneration, such as in the case of PD,
HD, and AD, normally soluble peptides or proteins (such as Aβ,
tau, α-synuclein, and huntingtin) form a variety of nanoscale sized
and heterogeneous soluble oligomeric intermediates and insolu-
ble fibrillar amyloid aggregates, which have a high degree of poly-
morphism. These proteins lose their physiological role(s) and
aggregate into species with potential novel and different neuro-
toxic functions related to their different shapes and content of
cross-β structure. The involved toxicity mechanisms include mem-
brane permeabilization, calcium dysregulation, mitochondrial
damage, inflammation, and oxidative stress.[6,17,38,124] Although
oligomers are considered key actors, the nature of the aggregates
most prone to cause cytotoxicity, and the mechanisms by which
these aggregates contribute to disease are still unclear. Thus, it
is necessary to interrogate the properties of the formed heteroge-
neous species to understand how they might be related to disease.

AFM offers an invaluable tool to carry out 3D morphological
analysis at the single-molecule level of the several amyloid oligo-
meric and fibrillar species, occurring during protein aggrega-
tion.[186] The analysis can be performed with subnanometer
resolution both in vitro (Figure 3)[88,89,96] and ex vivo biofluids
and tissues (Figure 4).[32,33,40,97,98] Ex vivo, AFM has demon-
strated to differentiate nanoscale-sized amyloids in healthy con-
trols versus disease patients with neurodegeneration, in the case
of AD and PD. These ex vivo studies highlighted a direct corre-
lation between the size and structure of amyloid fibrils and their
toxicity. Thus, single-molecule analysis of these species offers a

powerful method to study the molecular mechanisms underlying
the onset of neurodegeneration, with in vitro systems acting as
ideal model systems. The general possibility of analyzing the sub-
nanometric morphology at several time points during protein
aggregation can shed light on the heterogeneity of the amyloid
species formed and their pathway of formation. AFM can visu-
alize the monomeric and early oligomeric forms present during
the lag-phase of the aggregation, and the structural properties of
single-amyloid fibrils.[90,186] By measuring height, length, diame-
ter, and weight, AFM has demonstrated the ability to distinguish
morphologically different populations, such as dimeric and tri-
meric aggregates, as well as the formation of multiple polymor-
phic fibrillar species. Within the tens of proteins and peptides
associated to misfolding, aggregation and disease onset, AFM
has empowered to study the oligomerization and fibrillation pro-
cess of wild-type and mutated forms of α-synuclein, Aβ peptide,
insulin, ataxin-3, and huntingtin protein (Figure 3).[90,94]

We first discuss in detail the case of α-synuclein aggregation in
the context of PD. AFM has enabled visualization of how the inter-
mediate amyloid oligomeric species and pathway of aggregation
leading to amyloid fibrils can be modified by i) point mutations
(Figure 3A),[88,90] causing the early onset of PD, and ii) by ions
and natural compounds.[187,188] The information provided by
AFM is key to understanding how to develop drugs that can inter-
fere with and possibly delay the process of aggregation and amy-
loid formation in vivo. Furthermore, AFM can provide resolved
structural information to target amyloid formation using pharma-
cological approaches. AFM proved that mature amyloid fibrils are
formed by the hierarchical self-assembly[189] of Ångström sized
single-strand protofilaments, which are oligomeric species form-
ing both in vitro (Figure 3B) and in vivo biofluids (blood serum,
cerebrospinal fluid (CSF), Figure 4A,B) causing high inflamma-
tory response.[33,40,89] These protofilaments are the smallest ele-
mentary unit in the hierarchical assembly of amyloid fibrils
and are made of a monomeric chain, which further twists together
through specific side chain interactions into higher-order protofi-
laments, leading to cross-β sheet and amyloid formation. Initially,
α-synuclein forms only monomers and dimers of heights about
0.4 nm and 0.8 nm, respectively.[89] After incubation, α-synuclein
formed two polymorphs of elongated protofilament species, with
subnanometer scale diameters and micrometers lengths. The first
species had a cross-sectional height of 0.3–0.4 nm, corresponding
to the height of monomeric α-synuclein. The second species had a
cross-sectional height of 0.7–0.9 nm, corresponding to the cross-
sectional height of the dimers. Larger incubation times showed
that protofilaments are on pathway of mature amyloid fibril for-
mation. A comparison of AFM measurements with single-
molecule fluorescence measurements indicated that the critical
size for α-synuclein to form a stable mature amyloid fibril is
�70monomers.[190] Preventing aggregates from reaching this crit-
ical size may be a key cellular protective mechanism.

In the framework of AD, AFM imaging has also fundamen-
tally contributed to elucidating the molecular processes underly-
ing the misfolding, early aggregation, and fibrillization of Aβ42,
Aβ40, and Aβ peptide fragments. Similar to PD, AFM has been
used to detect in vitro (Figure 3C) and in vivo protofilaments
(Figure 4C), protofibrillar aggregates, and oligomeric species,
which have been suggested to be toxic via membrane permeabi-
lization and enhancing inflammatory response.[32,38,191] As a key
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finding, AFM was applied to support the proof that different
Aβ aggregates give rise in vitro to cellular toxicity via different
mechanisms, such as inflammatory response and membrane
permeabilization (Figure 3C),[38] which was confirmed by ex vivo
analysis showing that soluble aggregates are present in the early
stages of AD,[32] and further change in size and mechanism of
toxicity during AD progression.[38] AFM was further applied to
complement the mechanistic insights obtained by ThT chemical
kinetics analysis to prove independently that secondary

nucleation events are the key mechanisms dominating the kinet-
ics of pathology-related aggregation and fibrillization of Aβ42. For
the first time, secondary nucleation events were directly visual-
ized at the fibril surface, and the polymorphism of the aggregated
fibrillar structures was successfully studied.[192]

The ability to investigate the properties of a single amyloid spe-
cies as a function of time or external factors further empowers
the possibility of understanding how the aggregation network or
cytotoxic species could be targeted by pharmacological

Figure 3. In vitro nano-imaging AFM studies of amyloids. A) Polymorphism of the fibrils formed by WT α-synuclein, and the mutational variants associ-
ated with familial PD, adapted and printed with permission from,[88] Copyright 2020. American Chemical Society. B) Model of α-synuclein fibril formation
(adapted and printed with permission from,[89] Copyright 2018. Proceedings of the National Academy of Sciences) showing the i) initial molecular
assembly leading to the newly identified single-strand protofilaments (in light red) and ii) subsequent hierarchical assembly of mature amyloid fibrils.
Aggregation time course monitored by high-resolution AFM imaging, details of the cross-sectional height of oligomeric and protofibrillar species and
single-molecule statistical analysis, with the respective histogram distributions of the cross-sectional height of the species observed. C) Aβ42 aggregates
of diverse sizes exhibit different relative toxicity by distinct mechanisms studied by the lipid bilayer permeability and ELISA assays, adapted and printed
with permission from,[38] Copyright 2019. Springer Nature. D) Morphology of natural brain total lipid extracts layer 1) before and 2) after the 30min
exposure of S100A9. Green arrows indicate the formation of defects in the lipid layer. 3) Lipid layer after 2 h of S100A9 exposure. 4) Magnification area
from the white dashed square area of (3). Printed with permission from,[201] Copyright 2023, Elsevier.
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approaches. AFM has shown that the length of Aβ42 fibrils
increases upon incubation after reaching the plateau phase of
ThT kinetics.[96] This time-dependent change in the length of
Aβ42 fibril growth up to 410� 30 nm after 24 h of incubation
was also dependent on the media exchange and buffer conditions
from HEPES to PBS.[193] AFM was further used to study the
stabilization of neurotoxic oligomers of Aβ40 by endogenous
dopamine metabolites (DOPAL), suggesting that metabolite
imbalance could influence the early development of AD.[194]

External agents not only affect fibril length, but also affect oligo-
meric and fibrillar diameters and overall shape. It was recently
observed that oligomeric species incubated with different metal
ions (Al3þ, Cu2þ, Fe2þ, and Zn2þ) differ in their structure and
toxicity.[195] In the presence of Zn2þ ions, the length distribution
of Aβ40 fibrils was unchanged, but the height dimensions of Aβ40

features increased>3 fold. This increase in fibril diameter is due
to Zn2þ ions promoting the hydrophobicity of Aβ40/Aβ42 fibrils,
which directly impacts the aggregation tendency of these fibrils.
Similarly, trodusquemine, a natural compound extracted
from sharks, can enhance the rate of aggregation by promoting
monomer-dependent secondary nucleation, forming fibrils
shorter in length but with higher diameters that correlate with
reduced toxicity of the on-pathway oligomeric aggregates.[187]

In relationship to the onset of genetic HD, AFM has been
widely applied to study the effect of polyglutamine (polyQ) expan-
sion and post-translational modifications on the propensity of
huntingtin protein aggregation.[94] Indeed, HD is genetically
caused by a polyQ expansion higher than a threshold of 36Q.
To unravel differences in amyloid formation below and above
the polyQ pathogenic threshold, AFM imaging showed that

Figure 4. Ex vivo nano-imaging of protein aggregation in human biofluids and tissue. A) AFM-based nano-imaging to detect and quantify amyloids
shape/size in human samples. B) blood,[40] C) cerebrospinal fluid (CSF),[41,97] and D) brain samples[32,33] of control versus disease (AD/PD) imaged
with AFM single-molecule analysis of the detected amyloids (red arrows, only diameter for simplicity). In all cases nano-imaging statistically discriminated
control versus disease human biofluids and tissues by evaluating the number and shape of protofilaments and spheroidal oligomers. Data adapted and
printed with permission from;[32,40] Copyright 2021, Oxford Academy & Copyright 2022, Oxford Academy, respectively.
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the aggregation propensity, smoothness, and structural order of
amyloid fibrils increased as a function of the polyQ content.[64]

Further studies have shown that the aggregation propensity
can be further regulated (accelerated or reduced) by post-
translational modifications in the N-terminus of the huntingtin
exon-1.[37,93,196]

AFM has been further applied to investigate several other pro-
teins, alone and co-aggregating, and synergistic effects between
proteins should not be underestimated. It was reported that cal-
cium ions stabilize S100A9 protein structure and inhibit the for-
mation of amyloid fibrils,[197] but have an antagonistic effect on
Aβ aggregates,[198] and produce conformational changes in the
β-sheet content of superoxide dismutase-1, which modulates
fibril formation.[199] The underlyingmechanisms of Aβ42 fibril for-
mation are indeed prompted by heteromolecular co-aggregation
reactions with S100A9, yielding fibrils with lengths of
750� 80 nm.[193] Finally, AFM imaging was also used to deter-
mine the interaction and local aberrations of cellular membranes
with amyloidogenic proteins. Lipid membranes rich in choles-
terol promote Aβ42 aggregation, although AFM proved that
the structural properties of the produced amyloid fibrils were
not altered.[200] The natural brain total lipid extract (BTLE) mem-
brane model (Figure 3D) is negatively affected by the presence of
S100A9 protein.[201] Small holes were created on the BTLE mem-
brane 30min after the injection of S100A9 causing extensive loss
of lipid membrane integrity 2 h after S100A9 addition, suggest-
ing a neurotoxic action of S100A9.

4. High-Speed Nano-Imaging via AFM

Biomolecules exhibit inherent structural dynamics and undergo
rapid conformational alterations in response to their interactions
with other biomolecules or various physicochemical stimuli.[202]

The comprehensive elucidation of these conformational dynam-
ics is of paramount importance as it unveils the potential under-
lying mechanisms implicated in prevalent human diseases,
including, but not limited to, cancers and neurodegenerative dis-
orders. We have shown in chapter 3, that conventional AFM is
suitable for high-resolution imaging. Nonetheless, the temporal
resolution of conventional AFM is suboptimal when aiming to
record dynamic of biomolecules. Advances in high-speed AFM
(HS-AFM) have recently addressed these limitations.[58,203]

HS-AFM has opened the possibility of performing video-rate
nanoimaging to examine intricate molecular properties, biomo-
lecular interactions, and modifications in organelle structure and
function within the realms of both cancer and neuroscience
research.[204–207]

4.1. Principles

Various sophisticated structural methodologies have been
devised to examine the native structure and conformational
dynamics of biomolecules.[208] The objective was to achieve
real-time and real-space visualization of the dynamic behavior
of biomolecules under physiological environments.[202] Among
these methodologies, advanced techniques, such as cryo-electron
microscopy (cryo-EM) and X-ray crystallography,[209,210] offer a
high level of precision in capturing the structural details of

biomolecules. However, despite their excellent performance,
these methodologies are constrained by their static nature, which
limits their capacity to portray the structures of the swiftly
evolving and transient intermediates.[211] In contrast, structural
methodologies, such as nuclear magnetic resonance (NMR) and
Förster resonance energy Transfer (FRET),[208,212] can discern
rapid conformational changes in biomolecules. However, these
tools are inherently limited in their ability to achieve direct real-
time visualization of dynamic biomolecules. Consequently,
computational simulations are indispensable to faithfully recapit-
ulate the innate dynamic properties of biomolecules.[213,214] The
synergy between experimental techniques and computational
approaches is crucial for a comprehensive understanding of
the intricate conformational dynamics of biomolecules.

HS-AFM works similarly to AFM (paragraph 4), but incorpo-
rates a dynamic feedback controller and uses a short cantilever
endowed with a small spring constant and high resonance
frequency in fluid conditions. This combination renders
HS-AFM proficient for fast scanning.[203] The dynamic feedback
controller mitigates tip-sample interactions, thereby diminishing
mechanical stress.[203] In addition, it precludes the dissipation of
elevated temperatures resulting from cantilever oscillations,
thereby safeguarding the integrity of the sample during the scan-
ning process.[203]

High-speed atomic force microscopy (HS-AFM) operates in
amplitude modulation (AM) mode.[215] Unlike conventional set-
ups, the cantilever in HS-AFM is oriented upward, facing the
sample. It oscillates vertically near its resonant frequency under
piezoacoustic or photothermal excitation. As in conventional
imaging, the tip intermittently contacts the sample surface lead-
ing to a reduction of its oscillation amplitude. In addition to ras-
ter scanning in the x–y plane, vertical (z-axis) scanning is
regulated by a fast feedback loop that maintains a constant can-
tilever amplitude at a predefined setpoint, thereby ensuring sta-
ble tip–sample contact forces.

All HS-AFM components are engineered for rapid responses
to accommodate high-speed scanning. In aqueous environ-
ments, a common choice for imaging are short silicon nitride
cantilevers, which exhibit resonance frequencies between 400
and 1200 kHz, with spring constants of k= 0.1–0.2 N/m and
quality factors of Q= 1–2. The z-scanner also possesses a high
resonance frequency, typically in the 200–400 kHz range.[215] By
applying control on quality factor Q-control, the cantilever’s qual-
ity factor is reduced to 1–2, enabling rapid response to excitation
signals. This combination renders HS-AFM proficient for fast
scanning.[203]

To maintain consistent tip–sample interaction even over topo-
graphically complex surfaces, a dynamic proportional–integral–
derivative (PID) controller adaptively tunes its gain in real
time.[215] Gentle tip–sample contact is achieved by limiting the
energy dissipation per contact event to below a few units of ther-
mal energy kBT. The energy lost from the vibrating cantilever is
transiently transferred to the sample and rapidly dissipated into
the surrounding buffer, preventing local heating or sample dam-
age. Under these conditions, the tip can tap the sample surface
multiple times without compromising its structural integrity.
The dynamic feedback controller mitigates tip-sample interac-
tions, thereby diminishing mechanical stress.[203] In addition,
it precludes the dissipation of elevated temperatures resulting
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from cantilever oscillations, thereby safeguarding the integrity of
the sample during the scanning process.[203]

HS-AFM has further undergone enhancements encompass-
ing a significantly enlarged scanning area at the micron scale
with megapixel resolution[216] and unprecedented scanning
speeds down to the order of magnitude of 50milliseconds for
a 100� 100 pixel image.[58] Furthermore, HS-AFM has been
integrated with computational analyses, augmenting its imaging
capabilities using a synergistic approach.[217] The superior spatio-
temporal resolution of HS-AFM facilitates direct, real-time visu-
alization of biomolecules,[74] organelles,[218,219] and cellular
entities.[220] This capability enables an in-depth investigation
of their native conformation, intrinsic structural dynamics,
molecular interactions, organelle and cellular functions.

4.2. Video-Rate Imaging of Biomolecular Processes in Cancer

Carcinogenesis is a multifaceted pathogenic process character-
ized by the simultaneous occurrence of various aberrations, col-
lectively steering the acquisition of cancer hallmarks, including
oncogenic fusion, histone modifications, and nucleus morpho-
logical differences. HS-AFM has empowered to visualize these
dynamic processes with high spatiotemporal resolution.

Oncogenic fusion proteins are prevalent in numerous cancers
and emerge as consequence of diverse processes including chro-
mosomal translocation, errors in DNA replication and repair,
and aberrations in RNA splicing.[15] The genes involved in many
oncogenic fusion proteins are primarily kinases and transcrip-
tion factors.[103] The classic fusion of two kinase genes, BCR
and ABL, forms a constitutively active kinase protein that drives
leukemic cell proliferation in 95% of chronic myeloid leukemia
patients.[103] The discovery of BCR-ABL tyrosine kinase
inhibitors, Imatinib (Gleevec), has driven the progression of
molecular-targeted therapies against cancers.

HS-AFM nano-imaging has enabled the study of the nanoscale
conformational dynamics of oncogenic fusion proteins, particu-
larly their response to potential drug compounds. Oncogenic
fusion proteins with transcription factor genes alter chromatin
organization, driving carcinogenesis by either promoting onco-
gene expression or suppressing tumor suppressor genes.
Robust observation of dynamic interactions between RNA/
DNA-binding proteins and nucleic acids can now be recorded
using HS-AFM (Figure 5A), as for the dynamic conformational
changes of FUS protein during interactions with noncoding
RNAs.[36] DNA/RNA binding proteins are involved in certain
cancers; hence, the insights from FUS protein interactions with
long noncoding RNA (lncRNA) or promoter-associated noncod-
ing RNA (pncRNA) may offer crucial information about its role
in regulating the post-DNA damage cell cycle.[36] Studies have
shown that transcription factors fuse with nontranscription fac-
tor intrinsically disordered regions (IDRs), forming liquid con-
densates via liquid–liquid phase separation in the nucleus. For
instance, FUS (IDR segment) was fused with DDIT3 (DNA-binding
domain), and Nup98 (IDR segment) was fused with HOXA9
(DNA-binding domain).[103] These condensates created isolated
regions for enhanced oncogene expression. Moreover, multiple
enhancers can gather into condensates enabling cooperative
activity that amplifies oncogenic transcription. Such clusters

are known as super enhancers. Coactivators with IDRs such
as BRD4 and MED1 undergo phase separation to form conden-
sates, thereby compartmentalizing super-enhancers and boost-
ing transcription activation.[221] Interestingly, certain
enhancers sequestered within condensates are associated with
radio resistance in cancer cells.[222]

HS-AFM with its exceptional spatiotemporal resolution has
further enabled real-time imaging of IDR dynamics under phys-
iological buffer conditions.[205] Indeed, characterizing IDRs
presents significant challenges for conventional structural
approaches such as cryo-EM and X-Ray crystallography, as these
regions typically lack fixed structures. Moreover, the lack of direct
visualization and limited temporal resolution of conventional
approaches hinder our understanding of the dynamic processes
underlying condensate formations. HS-AFM was successfully
applied to visualize both reversible and irreversible condensate
formation events, such as those involving histone H2A-DNA
interactions.[206] By capturing the transient and interchangeable
conformations of disordered proteins, HS-AFM nanoimaging
has offered critical insights into the biophysical properties of con-
densates and their formation, thereby providing a valuable plat-
form for evaluating therapeutics targeting pathogenic
condensates associated with cancer progression and metastasis
(Figure 5A). In epigenetic regulation of gene expression, post-
translational modification of histone tails further plays a critical
role in modulating nucleosome dynamics, thereby influencing
transcription activation or repression. Nonetheless, direct visual-
ization of the effects of histone modification on nucleosome
behavior has remained a major challenge for conventional struc-
tural and imaging approaches. Recent advances using HS-AFM
have enabled nanoscopic observation of dynamics of nucleo-
somes,[220] providing new opportunities to elucidate the struc-
tural consequences of histone modification. These studies
have uncovered key biophysical changes in nucleosome architec-
ture and dynamics, offering deeper insight into the relationship
between epigenetic modification and cancer.

Tyrosine kinase receptors (TKRs) are also often overexpressed
in cancers to promote proliferation and to inhibit cell death.
While TKRs expression can be evaluated via immunohistochem-
istry, conventional methods are limited in resolving single-
molecule conformation and dynamics, especially dimerization
events on the cell membrane. To address this challenge, a
synthetic macrocyclic peptide (aMD4)-conjugated cantilever
(Figure 5B) was used for HS-AFM nanoimaging for rapid,
single-molecule recognition imaging of the human tyrosine
kinase hepatocyte growth factor (hMET).[221] The results of this
study suggest that HS-AFM could be used as nanoplatform for
TKR inhibitors screening and as a molecular diagnostic tool for
precise detection of TKR expression and dynamics on the surface
of cancer cells.

Cancer cells also exhibit distinct morphological differences in
their organelles, particularly in their nuclei. These nuclei often
display abnormal shapes, pleomorphisms, and increased
chromatin densities. The pathological hallmark is a high
nucleus-to-cytoplasm (N/C) ratio, reflecting the hyperprolifera-
tion state of cancer. These features suggest that carcinogenesis
may affect nuclear integrity. Early studies employing AFM com-
pared the differences in the stiffness of nuclei between cancer
and normal cells. In addition to altered nuclear physical
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properties, signal transduction between the cytoplasm and
nucleus is often disrupted in cancer. Nucleocytoplasmic traffick-
ing is orchestrated by nuclear pore complexes (NPC) embedded in
the nuclear envelope (Figure 5C). The mega-Dalton NPC, com-
prising of over 30 nucleoporins (Nups), uses specific Nups with
phenylalanine-glycine repeats (FG-Nups) to establish a selective
nanogate. Large biomolecules, forming complexes with nuclear
transport receptors (karyopherin α and β), subsequently engage

with FG-Nups for nuclear entry or exit. AFM was first used to
apply forces on the breast cancer cell line (MCF10A), revealing that
NPC stretch enhances the nuclear entry of YAP protein, and indi-
cating the NPC’s mechanosensing regulatory capability.[223]

However, the temporal constraint of AFM for real-time recording
was limited to the observation of NPCs during nucleocytoplasmic
transports, such as the flexibility of pore size, dynamics of FG fil-
aments, and conformational dynamics of NPCs.

Figure 5. Video-rate nano-imaging by AFM in cancer and neurodegeneration. Cancer: A) Spatiotemporal resolution of HS-AFM enabled visualization of
intrinsically disordered regions (IDRs) of proteins.[36] For instance, to investigate the mechanism of fusion cancer-related proteins with IDRs, such as
HOXA9-Nup98, driving oncogene expressions by forming liquid condensates; adapted and printed with permission from,[205] Copyright 2021, Springer
Nature. B) Functionalized cantilevers could be used for single molecule-recognition of tyrosine kinase receptors (TKRs) that are frequently overexpressed
in cancer cells, such as macrocyclic aMD4 conjugated cantilever only recognizes human MET receptor (hMET) but not mouse MET receptor (mMET).
Adapted and printed with permission from,[377] Copyright 2021, American Chemical Society. C) Aberrant nuclear structures, including nuclear pore
complex (NPC), were commonly found in cancer cells, and HS-AFM was used to study NPC of colorectal cancer (CRC) cells. Results demonstrated
that FG-Nups in central channel resembled spider cobweb; printed with permission from,[218] Copyright 2017, American Chemical Society. Dynamic
extension and retraction of FG-Nup filaments have been compared between CRC and normal colon cells. Furthermore, FG-Nups underwent
liquid–liquid phase separation (LLPS) to form a central plug to accelerate nuclear transport to enhance cancer malignancy. Disruption of central plug
by an anti-LLPS chemical, CHD, was filmed in a real-time manner; printed with permission from,[219] Copyright 2020, Elsevier. D) A rapid nuclei isolation
protocol was further developed to isolate nuclei from tissues for HS-AFM imaging. This protocol could be feasible to isolate nuclei from clinical samples
of cancer patients for nanoscopic imaging; printed with permission from,[378] Copyright 2024, Multidisciplinary Digital Publishing Institute.
Neurodegeneration: E) HS-AFM was applied to investigate amyloid fibrillation, including polymorphism and secondary nucleation phenomena
(self-seeding or cross-seeding) in fibril elongation and stabilization; printed with permission from,[225,226] Copyright 2016, Proceedings of the
National Academy of Sciences & Copyright 2020, American Chemical Society, respectively. HS-AFM was similarly used to study the dynamic formation
of cytotoxic fibrils that cause NDs or neurological complication of COVID-19 could be observed via HS-AFM; printed with permission from,[228] Copyright
2023, American Chemical Society. HS-AFM was performed to elucidate the effects of potential antibodies,[95] chaperones,[229] and chemicals[228] (1,6-HD,
CHD) in eliminating the cytotoxic oligomers, protofilaments, or fibrils.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2025, 5, 2500351 2500351 (15 of 45) © 2025 The Author(s). Small Science published by Wiley-VCH GmbH

 26884046, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

sc.202500351 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [27/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-science-journal.com


To overcome this limitation, HS-AFM was used to unveil the
highly dynamic nature of FG-Nups and real-time central plug for-
mation in the Xenopus laevis oocyte NPC on a millisecond time-
scale.[207] This approach revealed that the cytoplasmic orifice was
lined with highly dynamic, flexible FG Nups that rapidly extend
and retract. These FG Nups transiently entangle in the central
channel without forming a stable meshwork, suggesting that
the NPC barrier consists of fluctuating FG Nups appearing as
a central plug when averaged over space and time. HS-AFM
nanoimaging was performed on NPC of nuclei isolated from
colorectal cancer cell line, HCT116, revealing the structure of
FG Nups in central channel of NPC, resembling the “spider-
cobweb” model. They also reported that FG-Nup barriers in
dying cells were deformed in response to anti-cancer drug
MLN8237/alisertib.[218] These findings highlighted the potential
of HS-AFM as intracellular nano-endoscopy tool, which may be
useful for the development of personalized, nucleus-targeted
nanodrug delivery systems. In a subsequent study,[219]

HS-AFM was employed as a spatiotemporal tracking method
to visualize FG-Nups organization in NPCs of CRC cells and
organoids (Figure 5C). Single-filament tracking revealed hetero-
geneous thickness between normal colon and CRC models,
influencing filament motions. Given FG-Nups overexpression
in cancers, treatment with the LLPS inhibitor trans-1,2-cyclohex-
anediol reduced central plug size with limited reversibility in
aggressive models, supporting a reversible FG-Nup self-assembly
model underlying partial plug formation (Figure 5C). HS-AFM
enables direct tracking and manipulation of a native FG-Nup fil-
aments, long considered elusive. In addition to FG Nup dynam-
ics, NPC components could function as tethering sites for super
enhancers (SEs), thereby influencing target gene expression by
facilitating mRNA export. Further studies also used HS-AFM
imaging to capture the structural dynamics of Nup153 IDR,
which trapped SEs and upregulated oncogene TP63 expression
through mRNA export.[224] Recently, rapid strainer microfiltra-
tion (RSM), a rapid nuclei isolation technique, was developed
to isolate nuclei frommouse brain tissue for HS-AFM nanoimag-
ing (Figure 5D). These results highlighted the possibility of HS-
AFM nanoimaging of nuclei from tumor samples of patients
with cancer for research or diagnostic purposes.

4.3. Video-Rate Imaging of Biomolecular Processes in
Neurodegeneration

The high spatiotemporal resolution of HS-AFM has made it a
powerful tool for elucidating fundamental questions in amyloid
research by enabling direct, real-time visualization of structural
dynamics of amyloid species at the nanoscale, which is impera-
tive for tackling neurodegenerative diseases (Figure 5E).

HS-AFM nano-imaging has revealed the structural dynamics
of Aβ42 oligomeric states, such as trimers, pentamers, and hep-
tamers, which may be implicated via different neurotoxic effects
to the onset of AD.[204] To contribute to this overcome this knowl-
edge gap, HS-AFM has been used to investigate whether low and
high molecular weight Aβ42 peptides follow distinct self-assembly
pathway, uncovering divergent mechanisms of real-time aggre-
gation.[225] HS-AFM has also proven capable of capturing the pro-
gressive transition of amyloidogenic oligomers into mature

fibrils. This capability was exemplified in studies of the yeast
prion Sup35, where both the oligomer-to-fibril transformation
and subsequent fibril growth were visualized in real time.[91]

HS-AFM has further provided insights into the polymorphism
of amyloid fibrils, capturing structural heterogeneity such as heli-
cal/spiral, rod-like, and hybrid morphologies, thereby helping
answer how fibril architecture varies with environmental and
molecular conditions.[225] Beyond the final fibrillar structure,
HS-AFM enables the dynamic tracking of fibrillation, revealing
how factors like ionic strength influence aggregation pathways.
For example, experiments using KCl or NaCl buffers showed that
KCl promoted both helical and rod-like fibrils, whereas NaCl
favored predominantly helical structures.[225] These findings
raise important questions about the role of monovalent cations
in modulating amyloid fibrils morphology, formation and their
stability.

Furthermore, HS-AFM identified two distinct seeding mech-
anisms of α-synuclein: self-seeding and cross seeding, highlight-
ing their differential effects on fibril elongation kinetics and
structural integrity.[226] Such insights could help dissect the
molecular basis of strain variability and propagation of synuclei-
nopathies. By answering critical questions about the kinetics,
pathways, and structural diversity of amyloid assembly,
HS-AFM provides key molecular underpinnings of protein mis-
folding diseases with unprecedented resolution.

Specific viral proteins are also amyloidogenic, potentially con-
tributing to neurological complications observed in some viral
infections. SARS-CoV-2 ORF6 demonstrated self-assembly
behavior, forming protofilaments that were also internalized
by lung cancer cells (PC9 and A549) and subsequently aggre-
gated within the cellular environment. These findings raise
key mechanistic questions about viral protein misfolding, aggre-
gation, and interaction with host machinery, and their potential
roles in long-term neurological symptoms, such as brain fog and
dementia in post-COVID-19 patients.[227] HS-AFM has offered a
powerful nanoscopic platform to address these questions by
enabling real-time visualization of ORF6 oligomerization dynam-
ics, elucidating intermediate structures, and characterizing the
kinetics of protofilament formation under near-physiological
conditions.[228] This capability has provided critical insights into
the molecular basis of virus-induced neuropathology and may
inform the development of therapeutic strategies targeting pro-
tein aggregation.

HS-AFM can finally serve also as a nanoscopic platform to
assess the effectiveness of potential therapeutic monoclonal anti-
bodies or drugs in modulating or inhibiting aggregates forma-
tion or allowing the degradation of toxic protein aggregates
(Figure 5E). For example, HS-AFM has revealed that the mono-
clonal anti-Aβ antibody, Lecanemab binds to oligomers and
protofilaments, thereby preventing the formation of larger
Aβ aggregates, shedding light on its mechanism of action and
raising the question of how specific antibody-aggregate interac-
tions determine therapeutic efficacy.[95] Similarly, nano-imaging
showed that a combination of three molecular chaperones (SP70,
HSP40, and HSP110) effectively degraded α-synuclein
protofilaments without accumulating cytotoxic oligomeric inter-
mediates,[229] answering critical questions about how proteosta-
sis network dismantle pathological aggregates. Finally, HS-AFM
nanoimaging demonstrated that SARS-CoV-2 ORF6
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protofilaments were sensitive to aliphatic alcohols, urea, and
SDS, implicating hydrophobic interactions as essential to proto-
filament stability.[228] These findings highlight the power of HS-
AFM in deciphering the molecular basis of protein aggregation
and in evaluating the mode of action to therapeutic interventions
at nanoscopic resolution.

5. Force Spectroscopy and Molecular Recognition
Imaging

Adhesion forces have a strong significance in the pathogenesis of
cancer and amyloidogenic diseases, and they can be used to iden-
tify the fingerprints of these diseases by molecular recognition.
In AFM force spectroscopy (AFM-FS), a flexible cantilever func-
tions as a force sensor to identify, image, and measure molecular
interactions at the nanoscale.[57,145] By measuring the deflection
of the cantilever in real time during data acquisition, it is possible
to detect and study these interactions with high specificity and
piconewton sensitivity. AFM-FS measurements revealed that
the modulation of mechanical forces is a key determinant in
the molecular progress of neurodegenerative[230] and cancer dis-
eases.[85] Thus, understanding the interaction forces is essential
for discerning the underlying mechanisms of cancer and amy-
loidogenic diseases, which may further contribute to the devel-
opment of innovative therapies against these disorders. Table 1,
Supporting Information, shows key mechanostability parameters
found in biological systems associated to these malignancies.

5.1. Principles

Before AFM-FS experiment can start to sense and recognize the
biomolecular process of interest, it is necessary to design smart
bioconjugation strategies to covalently attach biomolecules or
cells to the AFM tip and on a flat substrate surface for analysis[151]

(Figure 6A).
Many subsequent chemical steps must be devoted to the site-

directed attack of the target moieties required to test cancer
cells[231] or amyloid proteins.[232] The most common process is
the amination in the vapor phase to activate AFM tips made
of silicon nitride (Si3N4), rendering free amine (-NH2) groups
at the most external surface.[233] A broad variety of short-length
heterobifunctional linker molecules are also commercially avail-
able, and their choice is directly linked to the selected protocols
related to bioconjugation of the biological entities of interest, sur-
face modification, and AFM tip functionalization.[60] Typically,
the reactivity of hydroxyl (-OH), carboxylic acid (-COOH), and
aldehyde (-CHO) groups is exploited using p-maleimidophenyl
isocyanate (PMPI),[234] 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC),[179] and 3-(2-pyridyldithio)propionyl hydrazide
(PDPH)[235] linker molecules to form stable urethane,
amide, and hydrazone bonds, respectively. Alternatively, amine
(-NH2) and sulfhydryl (-SH) chemical moieties can share the
same linker molecule sulfosuccinimidyl 6-[3´-(2-pyridildithio)
propionamido] hexanoate (Sulfo-LC-SPDP)[233] to create covalent
amide and disulfide bonds, respectively. The coupling agents
described above can include flexible polyethylene glycol (PEG)
tethers with specific contour stretching lengths (lc),

[236] which will
favor encountering biomolecular receptors and recognition

events. Thus, it is necessary to devise optimized functionaliza-
tion procedures to avoid detrimental cluster aggregations of cel-
lular membrane proteins[237] and to properly orient the
recognition interfaces of the modified substrate towards the bio-
logical entities attached to the AFM tip to enhance the binding
probability compared to classical random functionalization
strategies.[233]

After successful tip functionalization, cantilever calibration is
required for an accurate quantification of tip-sample force of
interaction. The deflection sensitivity and the spring constant
of the AFM cantilever are determined via the slope of the
approach force-distance curve profile acquired on a stiff substrate
surface (e.g., freshly cleaved mica or sapphire) and by the thermal
or Sader methods, respectively. This enables to transform the
photodiode voltage signal to the unit of force (N). AFM-FS experi-
ments could then be conducted via continuous approach and
withdrawal cycles of the cantilever probe at local regions of
the surface. These cycles are used to record force-distance curves
(Figure 6B). This is particularly relevant for identifying individual
cellular protein receptors.[238] During each cycle, AFM tip moves
closer to the sample surface until it senses attractive van der
Waals forces and jumps-to-contact (Figure 6B, points 1–2).
Then, the electrostatically repulsive forces from the sample
surface start to bend the flexible AFM lever until the tip-sample
contact takes place (Figure 6B, point 3). If a biological complex
is formed, the crosslinker molecule will be stretched following a
worm-like chain (WLC) model behavior (Figure 6B, point 4).[239]

When the AFM lever moves away from the sample surface, the
complex dissociates and the rupture force is recorded (Figure 6B,
points 4–5). Thus, the WLC model acts as a fingerprint to differ-
entiate between specific and nonspecific tip-sample interactions
once the force-distance baseline is corrected.[240] The intermolec-
ular force value is directly proportional to the number and
strength of the noncovalent bonds involved in the formed com-
plex which are classified as London dispersion forces, hydrogen
bonding, ion-dipole, and dipole–dipole interactions.

A large volume of force-distance curves must be recorded
because the formation of molecular complexes is stochastic in
nature. Only biological matters with a proper orientation will suc-
cessfully recognize their partner. Multiple complexes could be
obtained on the decorated substrate surface during a single
approach retraction cycle of the functionalized tip. The most
probable unbinding force of a single complex (F*) is then
revealed after statistical analysis of all specific force events
(Figure 6C), and this value should agree with blocking experi-
ments adding an excess of free-receptor entities to the solution.
Blocking experiments not only favor the formation of a single
complex but also minimize the ligand-binding recognition prob-
ability.[241] Thus, molecular recognition plays a pivotal role in
biology driving the specific interactions among biomolecules that
are involved in cellular communication processes.

To map distribution of molecular interactions, F-V measure-
ments enable the direct interrogation of these specific unbinding
forces,[242] by dividing the region of interest in an array of pixels
where a single force-distance curve is acquired in each one of
them. The main shortcoming of F-V experiments are the long
data acquisition times and the low lateral resolution. To surpass
this bottleneck many approaches were developed in this field,
such as multiparametric imaging and simultaneous topography
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and recognition imaging (TREC).[143,243,244] TREC is a dynamic
mode where the cantilever is excited near its resonance fre-
quency,[243] at frequencies slightly below the resonance
frequency of the cantilever, and its downward deflections are only
affected by the tip-sample surface contact, whereas the upward
cantilever deflections are affected by the specific binding tip-sample
interactions. These interactions between the biomolecules tethered
on the AFM tip and the receptors immobilized onto the solid sur-
face take place during the lateral scan, leading to an oscillation
amplitude reduction of the cantilever and a subsequent recording
of the recognition event. Decoupling this information is possible to
obtain simultaneously the topography and recognition maps. This
approach has been broadly used to discern the molecular interac-
tions at molecular[244] and cellular[245] level.

Working under the repulsive electrical double layer (REDL)
regime when low applied forces are applied also yields molecular
recognition imaging (MRI) studies.[246] REDL hinders the contri-
bution of unspecific tip-sample interactions and fosters a good
correlation between the simultaneously gathered topography
and force adhesion maps.[247] MRI allows the quantitative
visualization of force events in local regions of the scanned fea-
tures.[246] Finally, the unbinding forces (F) of complex dissocia-
tion are dependent on the loading rate (r) of the AFM lever. The

kinetic parameters of the studied biological complexes, such as
the dissociation rate at zero force (koff ) and the distance between
the bound and transition states (xβ), can be obtained using the
Ritchie–Evans (Equation 4).[248]

F ¼ kBT
xβ

ln
xβ

koff kBT
r

� �
(4)

where kB (J/K) and T (K) are the Boltzmann constant and the
absolute temperature. The complex lifetime τ is inversely
correlated with dissociation rate parameter by Equation (5).

τ ¼ 1
koff

(5)

Advanced phenomenological frameworks are required for the
correct interpretation of the force-extension data distributions
obtained at different loading rates.[249] Thus, the unbinding
forces rely on the semilogarithmic dependency of the loading
rate, and the fitting trend indicates the number of intermediate
states and associated energy barrier landscapes according to the
mechanical dissociation of biology complexes.[250] To extract the
equilibrium free energies ΔG (J) between the two defined

Figure 6. Force spectroscopy and molecular recognition in cancer research. A) Schematic representation of the location concerning the biomolecule
attached on the surface (red “pac-man” shape) and the partner linked onto the AFM tip (green triangles). B) Force-distance curve profile for a specific
tip-sample unbinding event (point 4). Approach and withdrawal cycles indicated by the brown and blue arrows, respectively. F and lc correspond to the
rupture force of the complex formed and the length once the flexible linker molecule is fully stretched, respectively. C) Statistical analysis devoted for the
unbinding force data gathered in AFM-FS experiments. Multievents (indicated by the green and red bars corresponding to the simultaneous breakage of two
and tree complexes, respectively) can be observed. F* is the most probable rupture force related to one single complex. D) Representation that illustrates the
AFM tip bioconjugation with θ-toxin facing the plasma membranes of breast cancer cells. E) Representative topography and adhesion maps acquired
simultaneously from the same region of MCF10A, MCF10AT, and MCF1°CA1a breast cancer cells. F) Binding probability distributions calculated for
MCF10A, MCF10AT, and MCF1°CA1a cells by the respective force-distance curves. D–F) printed with permission from,[75] Copyright 2020, Wiley.
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thermodynamic states from the distributions of the irreversible
work along both connecting trajectories,[251] it should be consid-
ered in Equation (6).

e�ΔG=kBT ¼ e�Wi=kBT
� �

i (6)

where Wi (J) is the non-equilibrium work performed on each
experimental trajectory connecting both complex states and i
refers to the number of different trajectories.

5.2. Recognition Imaging and FS in Cancer Research

Single-molecule force spectroscopy using AFM (AFM-FS) has
transformed our understanding of the molecular connections
that drive cancer growth. The information contained in the force
curves can indeed be used to investigate the specific interactions
between cancer biomarkers and their microenvironment.

AFM-FS has thus been proposed as successful strategy for
cancer detection and surveillance to investigate the mechanical
characteristics of circulating tumor cells. As example, an earlier
study identified several key nanomechanical biomarkers of single
circulating tumor cells for the detection of castration resistant
prostate cancer.[121] Understanding the dynamic changes in can-
cer biomarkers required the capacity to investigate these interac-
tions at the nanoscale, thus opening the door for more precise
diagnoses. AFM-FS has been further combined with microflui-
dics to sort circulating cancer cells and elucidate the forces driv-
ing their interaction with the extracellular matrix, by clarifying
the delicate mechanics of cancer cell adhesion and providing
important insights into prospective targets for interrupting met-
astatic pathways.[252]

Cancer metastasis has proved related to binding of integrin
proteins with the extracellular matrix, triggering the regulation
of cytoskeleton formation and alterations in the interactions
between integrin-ECM.[253] Moreover, cancer cells exert traction
forces on their neighboring environment which has been identi-
fied as a promising hallmark of this disease.[254] These traction
forces can be affected by mechanical stimuli caused by their sur-
rounding contractile fibroblasts impacting cancer progres-
sion.[255] AFM-FS has been employed to demonstrate that
endothelium also exhibits different intermolecular force with dif-
ferent types of cancer bladder cells,[256] showing that the unbind-
ing force between ICAM-1 adhesion receptor and J82 bladder
cancer cells decreased from F= 20–30 pN to F= 18 pN, when
the receptor ICAM-1 was blocked; whereas the force values
for RT112 remained unaltered in presence of the anti-ICAM-1
antibody. Thus, endothelial ICAM-1 does not affect adhesion
interactions with the less invasive RT112 bladder cell line, and
the degree of cellular differentiation in cancer could modulated
their adhesion properties by modifying protein receptor expres-
sion at their external membrane (dysregulation of cellular mem-
brane homeostasis as a crucial modulator of cancer risk).
Another aspect to consider is that the strength of adhesion is also
influenced by the contact time between both biological systems
in contact. The interaction force between the endothelium and
MB231 breast cancer cells experienced an increase of nearly
25-fold times when the contact time shifted from 0.5 s to
300 s.[257] This outcome was in line with the fact that after
the initial attachment between tumor-endothelial cells via weak

interactions, a time-dependent process of maturation and stabi-
lization takes place involving the translocation of
specific receptors, such as endothelial galectin-3 or Thomsen–
Friedenreich glycoantigen (TF-Ag), expressed in cancer cells to
increase the number of adhesion events among both cellular
bodies.[109] Similar findings have been achieved for the adhesion
of low 4T1-LM and high FP10SC2 metastatic murine breast
cancer cells.[118]

Moreover, molecular recognition AFM-FS imaging studies
have been conducted to study variations in adhesion properties
according to the malignancy level of breast cancer cells.
The TREC method was used to study the interactions between
AFM tips functionalized with anti-epidermal growth factor
receptor (EGFR) and EGFR localized at the membrane of
435/breast cancer metastasis suppressor-1 (BRMS1) cells.[258]

Functionalized AFM tips with the C-terminal domain of
Perfringolosyn O toxin (θ-toxin) displayed stronger interaction
forces with cholesterol, and they were thus used as a tool to mon-
itor cholesterol distribution in cellular membranes of cancer cells
(Figure 6D,E).[259] Similar unbinding forces, in the order of
F= 120–140 pN, were found for all MCF10A, MCF10AT, and
MCF1°CA1a cell lines. Nevertheless, the adhesion maps of the
most invasive MCF1°CA1a breast cancer cells gave rise to more
events compared to the less malignant MCF10AT cells and the
benign epithelial MCF10A cells.[75] Thus, these results showed
an increase in the tip-sample binding probability, where choles-
terol was densely distributed. Specifically, the cholesterol-
enriched membranes of malignant MCF1°CA1a yielded circa
2 and 5-fold times larger binding probability compared with
MCF10AT and MCF10A cells, respectively (Figure 6F). Thus,
the cholesterol content of cancer cell membranes, which is
directly linked to their grade of malignancy, proved to modulate
the interaction with θ-toxin probes which could serve as a prog-
nostic methodology in cancer research.

Finally, the actions of drugs and therapeutic agents were eval-
uated using AFM-FS experiments. This is the case of specific
intermolecular interactions between T cells and lung cancer cells
expressing programmed death ligand 1 (PDL1).[260] The PDL1
biomarker appears in early stage resected lung cancer cells.[261]

The presence of nivolumab in the media increased the adhesion
force of this biological system of tens to hundreds of pN, as eval-
uated at different timescales. This observation agreed with clini-
cal evidence of nivolumab action in the regression of lung cancer
and the recovery of cellular properties.[262]

5.3. FS and Recognition Imaging in Neurodegeneration
Research

AFM-FS has been successfully applied to study protein–protein
interactions in the context of amyloid formation and neurodegen-
eration, to unravel molecular adhesion forces, as well as interac-
tion of protein self-assemblies with external disease related
factors.

As discussed in Section 3.2, single-strand protofilaments
could be identified as the elementary unit of amyloid fibrils
formed by the α-synuclein protein involved in the onset of
PD.[89] However, because of their Ångström-size height, it could
not be possible to investigate their inner structural properties by
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conventional nano-indentation methods. Thus, AFM-FS could be
used to manipulate, stretch, and characterize the properties of
amyloids, to investigate their inner structural, thermodynamic,
and mechanical properties (Figure 7A).[89] The analysis of the
force curves showed that one or multiple protofilaments could
be unzipped from the surface (Figure 7B), with typical lengths
in the order of the protofilaments length (Figure 7C), allowing
to determine the energy of interaction with the surface. This
approach, combined with WLC analysis of stretching events
occurring during the pulling of the protofilaments, allowed to
measure an average internal persistence length of 0.3 nm, which
was consistent with the elastic properties of a polymer chain
composed of unstructured monomers of α-synuclein. Thus,
AFM-FS could prove that protofilaments were composed by a
chain of unordered monomers, and were less far structured than
mature amyloid fibrils.

In misfolded protein-related diseases, the presence of certain
divalent cations could promote higher adhesion forces between
the Aβ peptides. These peptides could be attached to the AFM tip
and substrate surface (Figure 7D); exploiting the reactivity of the
hydroxysuccinimide moiety of the linker molecules with the pri-
mary amines coming from the amyloid peptide. The interactions
between Aβ42 peptides increased from 110 pN to 120 pN-170 pN

in presence of Zn2þ and Cu2þ ions[263] (Figure 7E). It was thus
hypothesized that the presence of Zn2þ in the media ameliorates
the intermolecular forces between Aβ42 peptides, because its
association is almost purely diffusion-controlled. The dissocia-
tion kinetics were also favored in presence of these ions with
an increase of koff of circa 2–5-fold in present of Zn2þ and
Cu2þ ions, compared with Aβ42 alone. Analyzing the energy land-
scapes (Figure 7F), the equilibrium free energy in presence of
Cu2þ was similar to the values obtained for Aβ42 alone, and
in the order of 8 kBT, but, it was almost twofold reduced with
zinc ions to circa 5 kBT. These results suggested that Cu2þ

and Zn2þ concentrations could alter the nucleation and elonga-
tion phases of amyloid fibrils formation during protein
aggregation.

AFM-FS studies were further applied to study how substitu-
tions in peptide sequence could affect the stability of amyloid
peptides. VPV peptide substitutions in the C-terminal region
showed to stabilize the Val36-Gly37 turn in dimeric Aβ42 species,
reducing their koff from 1.6� 0.3 s�1 to 5.7� 0.3 s�1 for native
Aβ42. Even if their unbinding force interactions remained similar
at the tested conditions, and in the order of circa 70 pN,[264] this
stabilization effect was more evident for Aβ40 where the VPV
mutation lead nearly 4.5-fold greater stabilization than the

Figure 7. Force spectroscopy of amyloidogenic protein and oligomeric assemblies. A) Model of the pulling of single protofilaments and the relative
force–distance curve, adapted and printed with permission from,[89] Copyright 2018, Proceedings of the National Academy of Sciences. 1) AFM tip
is pressed against a protofilament. 2) The pressure causes polymer breaking and a constant force plateau due to its unzipping from the protofilament
surface. 3) Tip–filament contact is lost during the pulling. 4) Tip return to the initial position. B) Single force plateau due to pulling of different numbers of
protofilaments. C) Distribution of constant-force pulling events (plateaus) and protofilament lengths. D) Illustration of the chemical strategy devoted to
covalently attach Aβ42 fibrils on the AFM tip andmica surface, respectively. E) Unbinding force versus loading rate plots for the dissociation of Aβ42 dimers
in aqueous solution and under the presence of Cu2þ and Zn2þ ions. F) Representation of energy profile landscape diagram indicating the energy barrier
height corresponding to the associated and dissociated complex states. G) Kinetic and thermodynamic parameters found for Aβ42 dimers in aqueous
solution and under the presence of Cu2þ and Zn2þ ions, respectively. koff and ΔG are the dissociation rate at zero force and the free-energy barrier
between the bound and unbound states. D-G printed with permission from,[263] Copyright 2016, PLOS One.
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wild-type amyloid dimeric entities. The two extra amino acids in
Aβ42 peptides were responsible thus for higher propensity
of aggregation than Aβ40, based on the C-terminal length-
dependence of oligomerization mechanisms.[265] Similar studies
considered pH as an additional factor that could affect intermo-
lecular interactions of amyloid proteins.[266] Weak forces, includ-
ing hydrophobic interactions and aromatic stacking, have been
proposed to be the driving factors in the anti-amyloidogenic
response of polyphenols, with potential inhibitory activity in
the amyloid fibrillation process of Aβ peptides.[267]

6. AFM Nanoindentation Mechanical Analysis

In this section, we discuss the role of the mechanical properties
in the context of cancer and neurodegenerative diseases.
Nanomechanical signature of cancer cells and amyloid fibrils
pave the way for monitoring disease progression and evaluating
the efficiency of bespoke drug delivery treatments and for the
understanding of the molecular processes involved in disease
onset and progression. Nanoindentation offers the possibility
to interrogate mechanical properties from the single-
molecule level to the subcellular and cellular levels.[59,72]

Notwithstanding the fundamental advances achieved, we also
describe here how nanoscale dimensions of biomolecules, cellu-
lar structural hierarchy, degree of entanglement of cytoskeleton
components, and chemical heterogeneity, along with the inher-
ent uncertainties of theoretical models and nano-indenter selec-
tion, still require following strict protocols and propose new
strategies to accurately determine the mechanical cues of the
tested biological systems at multiple timescales.

6.1. Principles

In nanoindentation, the AFM tip apex works similarly as a nano-
indenter by applying a controlled force and causing local defor-
mation at the most external surface of a sample (Figure 8A).[59]

Continuous force-distance curves could be so recorded by
indenting the sample (points a–e). Relevant information can
be obtained from these curves, such as the: peak force
(Figure 8A, point a), maximum tip-sample unbinding force
(Figure 8A, point b), energy dissipation (Figure 8A, point c),
apparent Young’s modulus of the sample extracted from the
slope of the contact region (Figure 8A, point d), and sample
deformation (Figure 8A, point e).

Accurate AFM tip characterization is needed before perform-
ing nanoindentation measurements to prevent the acquisition of
unreliable data. As introduced at paragraph 5, the AFM cantilever
is calibrated via thermal noise and Sader’s calibration methods,
which typically render an inherent error of nearly 25%–30%
based on the assumptions made concerning the lever geometry
and negligence of the damping effects, especially in the measure-
ments carried out in liquid media to measure biological sam-
ples.[268] Significant efforts have been devoted to overcoming
these limitations. It was recently proposed that a standardized
nanomechanical atomic force microscopy procedure (SNAP),
characterizing the spring constant of the AFM lever using vibr-
ometry, minimizes the associated error to 1%.[269] Next steps are
the calibration of the AFM tip radius and selection of the

mechanical model (Figure 8B–E).[59,145] Currently, there are com-
mercially available AFM probes with many different tip geome-
tries, which evidences the need to develop a subsequent number
of theoretical model frameworks. The final model selected to
ascertain the elasticity of the sample directly relies on the afore-
mentioned tip geometry, but also on the nature of the tested sam-
ple (i.e., solid bodies vs. hollow structures). For instance, for tips
with four-sided regular pyramidal geometries, it is challenging to
accurately determine the parameters of the indenter-sample
surface contact area, tip radius estimation, and the displayed
non-linear elastic responses during the indentation measure-
ments.[270] Therefore, it is advisable to employ nanoindenters
with other geometries, such as paraboloid-spherical or conical.

The most commonly used mechanical models in nanobiome-
dicine are here discussed (Table 2, Supporting Information). The
Hertz model was initially derived to describe a purely elastic
deformation of two perfectly smoothed spheres in contact via
a linear strain-stress relationship, but it was later extended to con-
sider a sphere or a paraboloid indenting a sample that is assumed
as an elastic half space, i.e., a sphere of R!∞.[271] In turn, an
elastic half space can be considered a homogeneous and isotropic
material. While biological materials can be approximated only in
some cases and under specific constraints to an elastic half space,
Hertz model and the ones derived from it are the most widely
applied to study the mechanical properties of biological systems.
The apparent Young’s modulus E* (Pa) of the sample can be
determined knowing the applied force F (N) by the nanoindenter
AFM tip as follows (Equation 7).[271]

FHðδÞ ¼
4
3
E�R1=2δ3=2 (7)

where δ (nm) refers to the indentation depth of the AFM tip apex
and R (nm) is the radius of curvature of the AFM tip. Equation (7)
holds for a spherical indenter only if the indentation depth is
small compared to the tip radius (δ ≪ RÞ. The Hertzian model
was further extended to account for different tip geometries,
such as in the case of the Sneddon model that considers a conical
shape for the AFM tip shape[271,272] (Equation 8).

FSnðδÞ ¼
2 tan α

π
E�δ2 (8)

where α (°) denotes the half-angle of the conical tip. However,
these models do not consider the adhesion and frictional
forces between the contacting surfaces of both rigid bodies
and can only apply a maximum strain of 10% to avoid significant
deviations arising from comparisons with bulk experimental
measurements. Furthermore, mapping AFM experiments,
where the topography and mechanical maps are simultaneously
recorded to compare both signals in certain pixel images,
require the use of sharp tips to prevent convolution
artifact broadening effects,[273] causing loss of lateral
resolution. In this case, long-range van der Waals interactions
are sufficiently large to render the Hertzian models
unsuitable. Derjaguin–Müller–Toporov (DMT)[274] and Johnson–
Kendall–Roberts (JKR)[275] models were developed to extend the
Hertz model accounting for adhesive interactions, which are
relevant when studying soft biological samples, and presented
in Equation (9) and (10), respectively.
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Figure 8. Nanomechanical imaging models for measuring the stiffness of cancer cells. A) Force-distance curve profile (left black arrow: approach, right
black arrow: retraction) where the a) tip-sample contact point, b,c) the maximum unbinding force and deformation energy, and d) the slope of the contact
region required to extract the Young’s modulus are detailed. Printed with permission from,[379] Copyright 2023, Multidisciplinary Digital Publishing
Institute. B–E) Relevant mechanical indentation models used for determining Young’s modulus in solid bodies (e.g., tissues, cells, amyloidogenic pro-
teins, or rigid drug carriers) and hollow lipid vesicles. B) The Hertz/Sneddon model. C) DMT model. D) JKR model. E) Thin-shell model. Images were
created using BioRender.com. F) Topography, deformation, and Young’s modulus map (DMT model) before and after bottom effect correction (BEC) of
endothelial cells. Reprinted with permission from,[380] Copyright 2020, Cell Press. G) Representative force-time curve profile where the AFM tip is
approaching a) the sample surface, b) the tip reaches the sample contact point, c) the sample reacts to the external stress leading to a force relaxation,
and d) the AFM tip moves away the sample surface. The viscosity can be extracted from this force-time curve through the Equation (14).[293] H) Schematic
representation of how a force-time measurement is carried out in a single cell (a,b: tip approach to the cell surface, b,c: stress-relaxation measurements,
c,d: tip retraction from the cell surface). Green and red arrows indicate the AFM tip vertical movement and the cell response under the external load force,
respectively.
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FDMTðδÞ ¼ FHðδÞ � 2πRw (9)

FJKRðδÞ ¼ FHðδÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6πwE�Rδ

p
þ 3πRw (10)

where w is the work of adhesion (J m�2), R is the radius of the
probe, and a (nm) is the contact radius, respectively. The DMT
model is mostly applicable in the case of low adhesive or stiff
materials, since it considers adhesion only outside the contact
area and may have difficulties in determining the mechanical
properties of some soft materials because of the incomplete treat-
ment of the attractive interaction forces exerted by the contact
region between the AFM tip and sample surface.[276] Instead,
the JKR model considers the adhesion inside the contact area
and is generally the most suitable approach to study mechanical
properties of highly adhesive or very soft materials.[277] Yet, all
the aforementioned models assume that the indented material
is homogeneous and has isotropic mechanical properties.
Finally, the thin-shell model[278] is valid only for hollow particles
with no interior cargo. This model is suitable when the shell
radius is significantly larger than the shell thickness, as in the
case of lipid membranes. The bilayer membrane was also con-
sidered as a single layer and the Young’s modulus could be mea-
sured via Equation (11).

FshellðδÞ ¼
λ t2V
RV

E�δ (11)

where RV and tV are the radius (nm) and thickness (nm) of the
nanoindented samples, respectively, and λ is a geometry-
dependent proportionality factor. The thin-shell model was pre-
viously employed to determine the elastic modulus of other bio-
logical systems, including viruses such as SARS-CoV-2[279] or
pollen grains.[280]

Once the most suitable mechanical model has been chosen,
the apparent Young’s modulus E* could be derived from the local
nanoindentation measurements.[59] However, the measured
apparent Young’s modulus E* can differ from the intrinsic
Young’s modulus E (Pa) since it reflects the combined effects
of material properties, geometry, and experimental conditions
and accounts for both the combined elastic properties of the
tip and the sample. Therefore, the apparent Young’s modulus
must be corrected using the Poisson’s ratio (υ) of the material
under investigation via Equation (12).[59]

1
E� ¼

1� υ2

E
þ 1� υ2t

Et
� 1� υ2

E
(12)

Et and υt refer to the elastic modulus (Pa) and Poisson’s ratio of
the AFM tip, respectively. The AFM tips are typically made by
stiff materials, such silicon nitride (Si3N4) with a Young’s mod-
ulus in the order of hundreds of GPa, thus making the AFM tip
contribution almost negligible when measuring soft biological
samples. Currently, there are no homogeneous criteria for the
optimal υ value to be selected in soft biology samples, where
υ typically tends to 0.5. Nevertheless, υ ranges from 0.25 to
0.50 in biological samples (Table 3, Supporting Information).
For example, samples with the same nature originating from
human lungs strongly differ in υ values (0.25, 0.34, 0.40, and
0.50 for lung cancer cells, parenchyma tissue, and lung tissue,
respectively). Similar findings were observed in cancer cells from

other tissues. Differences of 0.2 in υ can lead to errors of up to
100% in 3D systems for the distribution and magnitude of all
constructed traction components.[281] Recently, efforts have been
devoted to precisely determine υ, such as the digital image cor-
rection (DIC) evaluating the strain between two marked edges by
computing the average strain.[282] This approach is capable of
reducing the difference in υ for soft samples with the same
nature but requires conscious calibration of the inner lens setup.
The development of computer simulation frameworks and
numerical analysis toolboxes has been shown to be a promising
strategy for obtaining reliable cellular υ values.[281]

During the indentation of soft matter samples like small bio-
logical molecules and living cells (Figure 8F), a further bottleneck
to determine reliably mechanical properties has been due to the
contribution to the measurements of the properties of stiff sub-
strates; known as “bottom effect”, which causes an overestima-
tion of the tested Young’s modulus.[283] Usually, living cells and
amyloidogenic proteins are attached to mica, HOPG, ZnS, ZnSe,
or glass surfaces with Young’s modulus typically in the range
between 10 and 100 GPa.[284,285] Bottom effect correction
(BEC) was formulated to subtract the mechanical background
of rigid surface materials by considering the geometry of the
tip.[286] BEC can be applied pixel-by-pixel to the mapping images,
rendering neat boundaries between the stiff surface and biologi-
cal features. The BEC mathematical expressions for the parabo-
loid semi-spherical Equation (13) and conical (14) shapes are as
follows.

FBEC ¼ F
h 1
h0

þ 1.133
ffiffiffiffiffiffi
δR

p

h
þ 1.497δR

h2
þ 1.469δR

ffiffiffiffiffiffi
δR

p

h3

þ 0.755ðδ2R2Þ
h4

i (13)

FBEC ¼ F
h 1
h0

þ 0.721δ tan α
h

þ 0.650δ2tan2α

h2

þ 0.491δ3tan3α

h3
þ 0.225δ4tan4α

h4
i (14)

where FBEC (N) is the bottom effect correction force and h (nm) is
the thickness of the indented material. BEC terms are a function
of the relation between h and the contact radius (

ffiffiffiffiffiffiffi
δR

p
). It has

been shown that substrate rigidity can alter the cell mechano-
sensing response by affecting the organization of the actomyosin
cytoskeleton.[287] Therefore, it is mandatory to acquire knowledge
regarding the substrate contribution and reducing it using BEC
calculations. Alternatively, the bottom effect is almost negligible
when cells or amyloidogenic proteins are immobilized on soft
substrates, such as polyacrylamide gels, or with rigidity proper-
ties similar to those of the tested biological samples.[288]

Overall, as summarized in Table 4, Supporting Information,
nanoindentation via AFM has been extensively applied to unravel
the mechanical properties of amyloidogenic proteins, tissues,
and cells associated with neurodegeneration and cancer malig-
nancies. Measurements of Young’s modulus values obtained
from nanoindentation depend fundamentally also on the chosen
environmental conditions. Air measurements indeed showed
sometimes larger Young’s modulus than those obtained in liquid
media. This effect is caused by the softening effect of water
uptake into the sample, which refers to the phenomenon in
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which biological features undergo a decrease in mechanical stiff-
ness based on the loss of their inner hierarchical architectural
junctions.[234] Scanning conditions affect amyloid proteins of dif-
ferent natures. The E value of α-synuclein fibrils remained simi-
lar under air and liquid conditions,[165] whereas a decrease of
almost two orders of magnitude was observed for Aβ1-40, which
likely depend on the maturity of the amyloid fibrils studied.[289]

Furthermore, the formation of a water film on the scanned bio-
logical features dramatically affects AFM measurements in air,
leading to an increase in mechanical data dispersion.[290]

Thus, the best strategy is to determine the E value of carcinogenic
cells or soft biomolecules in liquid environments mimicking the
relevant physiological conditions. Other pivotal factors to opti-
mize nanomechanical measurements are the employed load
force and indentation depth parameters, respectively. A larger
Young’s modulus was observed when the load force and inden-
tation depth increased. Sample elasticity monitoring requires
homogenization of experimental conditions to better compare
different reported research studies.

Finally, other mechanical properties, such as viscosity coeffi-
cients, can be obtained by bimodal AFM (Section 3, AFM imag-
ing). This operational mode was used to study how peptide
sequence and interaction with the substrate can affect amyloid
fibril viscoelastic properties.[291] This technology was also
employed to map the viscoelastic properties of cells with high
lateral resolution.[161] Many models have been built to describe
the viscoelastic properties of tested soft matter samples using
force-distance curves.[292,293] A frequently used approach is the
Maxwell model, which considers the material of interest consists
of an elastic spring plugged into series of viscous dashpots.[294]

The Maxwell model is valid to ascertain the viscoelastic proper-
ties of soft materials, such as cells (Figure 8H).[295] This model
assumes that a force response F to a constant deformation event
decays exponentially over time while being recovered to zero
(Equation 15).

F ¼ A exp
�ðt� t0Þ

τ

� �
(15)

where A is the relaxation force amplitude (N) and τ the relaxation
time (s), respectively. The viscosity μ (Pa·s) and E (Pa) are in turn
related by τ (Equation 16).[293]

τ ¼ μ

E
(16)

Thus, the viscosity μ can be extracted from force-time curves
(Figure 8G). It is possible to record maps of the scanned area of
interest by stress relaxation microscopy, which generates force
relaxation curves at each scanned pixel region. Viscoelastic bod-
ies also treasure the ability to store energy allowing the elastic
and viscous components to be decoupled depending on their
response under dynamic vibrational sources with frequency ω
(rad/s). The complex Young’s modulus (G*, Pa) of the examined
sample is composed of the storage modulus (G 0, Pa) as real term
and of the loss modulus (G 00, Pa) as the imaginary part, as
defined in Equation (17).[296]

G�ðωÞ ¼ G0ðωÞ þ iG 00ðωÞ (17)

where ω is the measurement frequency (rad/s). G 0(ω) accounts
for the elastic deformation, whereas G 00(ω) accounts for the vis-
cous counterpart undergone by the oscillatory cantilever.
Working with successive cantilever harmonics, it can be demon-
strated that Equation (11) can be converted into Equation (18).[297]

E� ¼ E
ð1� υ2Þ ¼

G0ðωÞ
ð1� υ2Þ þ i

G 00ðωÞ
ð1� υ2Þ (18)

This assumption is valid since elastic modulus of the AFM tip
is nearly one magnitude order larger compared to soft living cell
membranes and other soft matter systems. Thus, G 0 and G 00 rep-
resent the linear sample viscoelasticity assessed at an average
indentation depth (δ0, nm) as represented in Equation (19)
and (20), respectively.

ksample ¼ 2
G0ðωÞ
ð1� υ2Þ

ffiffiffiffi
R

p
ðδ0Þ 1=2 (19)

csampleω ¼ 2
G 00ðωÞ
ð1� υ2Þ

ffiffiffiffi
R

p
ðδ0Þ 1=2 (20)

where ksample is the effective stiffness and csample is the damping
(Nsm�1) of the sample at a fixed δ0 indentation value. Finally, the
loss tangent can be calculated as the ratio of the loss and storage
moduli (Equation 21).

tanðδÞ ¼ G 00

G0 (21)

tan (δ) measures the extension of energy lost caused from the
viscous nature of the examined sample. The importance to
address tan (δ) in cellular systems relies on the fact that the
damping factor of extracellular viscosity promotes cell migration
and cancer proliferation.[104,298] Thus, loss tangent conveys the
intrinsic fluidity properties of the studied samples. For example,
cancer cells exhibit more fluid-like compared to the benign
counterparts.[299]

6.2. Nanomechanical Properties of Cancer Cells

Cancer cells typically show nanomechanical characteristics dif-
ferent from those of healthy cells. AFM studies have examined
the stiffness of several kind of cancer cells revealing not only a
variation of their stiffness but also spatial changes within the
same tumor, underscoring the heterogeneity that is frequently
a characteristic of cancer, including the cases of ovarian, breast,
bladder, prostate.[75,77,300] This nanomechanical variability inside
cancer cells could achieve far-reaching consequences for under-
standing metastatic potential and treatment responses.
Nanomechanical measurements, delivering high-resolution
images combined with mechanical information, have allowed
researchers to detect differences that may influence cancer
growth and response to treatment.[75,77,300]

Nanomechanical studies should be first individually devoted
to each type of cancer due to their inherent high level of hetero-
geneity. As example, it was reported that the Young’s modulus E
of different cancer types differs up to fivefold within the same
tissue for meningothelial meningioma, fibrous meningioma,
glioblastoma, and metastatic adenocarcinoma.[301] Different cell
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lines also significantly varied values of stiffness, even if they
would come from the same tissue origin, such as Calu6 and
A549 cancerous lung cells exhibiting E= 33 Pa and
E= 1225 Pa, respectively.[300] Significant differences have been
shown also for the same cellular line at specific cancer stages,
such as in the case of ovarian tumor and highly invasive ovarian
cancer cells with Young’s modules varying from kPa to MPa.[122]

Besides these differences, the general observed trend observed is
that healthy cells from a certain tissue have higher Young’s
modulus E compared with their carcinogenic counterparts
(Figure 9A).[117]

Cellular stiffness E is further directly influenced by the status
of the extracellular matrix and cellular membrane state, which
can synergistically regulate cytoskeleton organization.[302]

Indeed, softening of cancer cells starts with disruption of the
cytoskeleton network filaments and actin-binding proteins,[303]

which are linked through the action of plectin proteins.[304] By
conducting nanoindentation experiments at different values of
deformation δ (nm), it was possible to unravel this complexity
in cellular response, differentiating the mechanical performance
of the cell membrane and the cell cortex. The contributions of the
cellular membranes and cell cortex could be interrogated at
δ< 50 nm and δ> 50 nm, respectively.[75] The elastic moduli
of three breast cells, benign-MCF10A, premalignant
noninvasive-MCF10AT, malignant, and invasive-MCF1°CA1a
were determined by fitting the force-distance curves at the two
aforementioned indentation depth regions (Figure 9B,C).
Malign breast cancer cells showed nearly threefold larger E than
the benign and premalignant breast cells with E= 4–10 kPa
for the cellular plasma membrane region and E= 15–20 kPa
when the cell cortex was interrogated. To unravel the complexity
of the mechanical response of different structural components of
a cell, it is also critical the choice of the surface geometry of the
nanoindenter that may affect the measured mechanical proper-
ties.[305] AFM sharp tips have been proven ideal for measuring
the Young’s modulus E of cortical regions that are insensitive
to cell thickness, whereas rounded tips (diameters of 1.5�10 μm)
were adequate to determine both E of cortical/intracellular and
intracellular regions with relative insensitivity and sensitivity to
cell thickness, respectively.

Nanoindentation has accordingly been leveraged to study the
viscoelastic behavior of breast cancer cells. Malignant MCF7 cells
have shown a time dependence of the force decay with a double-
exponential behavior independently of the tested load (from 0.5
to 4.0 nN).[293] This result suggested that MCF7 cells relax via two
separate processes involving cytoskeletal rearrangements and the
cellular membrane. In other studies, viscoelasticity measure-
ments by AFM were used to assess breast cancer cells with dif-
ferent metastatic potential.[299] The force maps data were used to
estimate the storage modulus (G 0, Figure 9D) and loss modulus
(G 00, Figure 9E). Then, the calculated loss tangent (G 00/G 0) was
generally higher in the case of breast cell lines with highly meta-
static potential compared to benign breast epithelial cells
(Figure 9F). For example, CaKi-I and MDA-MB-23-I malignant
cells had fourfold and twofold times, respectively, larger loss
tangent compared to benign NMuMG cystadenoma cells.
Complementary magnetic rotational spectroscopy (MRS) con-
firmed that breast cancer cells with different metastatic potential
states differ in their viscosity.[306] MCF-7 and MCF-10 breast

cancer cells had >4 times-fold greater than MDA-MB-231 cells
(Figure 9G). The cellular dimensions also impacted their viscos-
ity revealing a positive trend as a function of the cell size for all
examined breast cancer cell lines (Figure 9H). Thus, the force-
time curve profile could in principle act as diagnostic tool to dis-
criminate among benign and malign breast tumor cells.

Furthermore, nanomechanical studies have been leveraged to
study the partial recovery of the stiffness E of cancer cells when
they are exposed to drugs, which could indicate reconstruction of
the inner cellular machinery to reconstitute the architecture of
the plasma membrane and cytoskeleton. Ovarian cells are an
illustrative example of this phenomenon. The stiffness of health
ovarian cells decayed from E= 2.5� 2.0 kPa to lower values
when converted into carcinogenic (E= 1.1� 0.9 kPa) and highly
invasive cancer cells (E= 0.5� 0.2 kPa).[122] Instead, the supply
of docetaxel restored the mechanical properties of the ovarian
cells (E= 4.7� 0.2 kPa),[77] via stabilization of microtubules
and promoting tubulin polymerization.[307] Similarly, a combina-
tion of nanoindentation measurements with artificial neuronal
networks showed longer relaxation times for MCF-7 cells treated
with anticarcinogenic drug agents. These results highlighted
how estrogen receptor may modulate the viscoelastic properties
of breast cancer cells.[308] The treatment with resveratrol led to
viscosities almost threefold times larger than the negative control
(187� 14 Pa·s vs. 56� 3 Pa·s, respectively); whereas the action of
estrogen had the opposite effect (27� 1 Pa·s) inducing mem-
brane fluidization. This methodological approach could be also
exploited for other drugs, such as 5-fluorouracil, doxorubicin,
and paclitaxel to evaluate the alteration of the viscoelastic prop-
erties in cancers.

Finally, the mechanical properties of customized drug delivery
therapy agents against cancer cells were ascertained by nanoin-
dentation measurements. Cellular internalization processes rely
directly on membrane deformation when interacting with exter-
nal agents. For example, engineered liposomes favor fusion with
HeLa lipid membranes and the subsequent release of their inner
cargo.[309] The recognition process between the cellular filipodia
and the external agent is dependent not only on chemical recog-
nition but also on the mechanical signature of both bodies.[309]

Thus, rational design of drug carriers based on both chemical
and mechanical properties is essential. For example, exosome
size strongly affects elasticity by nearly 3.5-fold times, when
the diameter moves from less than 30 nm to a range of
50–170 nm.[310] The mechanical properties of lipid layers were
also altered by temperature[311] or liposome composition, which
is directly linked to the liquid-solid phase states and subsequently
to their bending rigidity.[312] The superficial stiffness gold nano-
particles (NPs) have been showed to decrease when coated with
bovine serum albumin,[313] polyethylene glycol,[314] and
streptavidin.[313]

6.3. Nanomechanical Properties of Protein Self-Assemblies in
Neurodegeneration

Nanoimaging is able to visualize the morphological changes pro-
tein undergo during their self-assembly; however, it is not able to
retrieve information on the structural changes and the mechani-
cal properties of the formed species. Nanoindentation has thus
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Figure 9. Nanomechanical differentiation of healthy versus cancer cells. A) Schematic representation of a living cell. Healthy cells (blue line) with unal-
tered membranes and structured ECM usually render greater mechanical properties compared to cancer cells (red line). B) From the left to the right:
topography and Young’s modulus map (Hertz model) of healthy (MCF10A), premalignant (MCF10AT) and cancer (MCF1°CA1a) breast cells. The vertical
scale bars of the Young’s modulus maps are settled at 50 kPa to better compare the differences among the tested conditions. C) Box plots with the
gathered Young’s modulus values of the plasma membrane and the cell cortex for the three examined cell lines. Printed with permission from,[75]

Copyright 2020, Wiley. D) Overlay of the topography map of a benign NMuMG breast epithelial cell with the force data map to estimate the storage
modulus (G 0). E) Merge of the topography and force data maps to ascertain the loss modulus (G 00) of NMuMG cells. F) Loss tangent (G 00/G 0) of breast
cancer cells with different metastatic potential (oscillation frequency of 100 Hz). Reprinted with permission from,[299] Copyright 2014, The Royal Society.
G) Boxplot of the viscosity parameter found in MCF-10 A, MCF-7 and MDA-MB-231 breast cancer cells (in blue, red and green colors, respectively)
obtained by MRS. H) Viscosity distributions according to the length of the examined breast cancer cell lines. Printed with permission from,[306]

Copyright 2024, The Royal Society of Chemistry.
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been widely used to probe the heterogeneous mechanical prop-
erties of protein condensates and aggregates (adhesion, dissipa-
tion, elastic modulus) at the single-molecule and condensate
level, as well as within whole cells (Figure 10). These studies
highlighted the importance of nanomechanical imaging to deter-
mine the structural properties of heterogeneous protein self-
assemblies and cellular systems.

Early results, in the last decade, showed that peak-
force-quantitative nanomechanics (PF-QNM) allowed for the
simultaneous collection of morphology maps and force-distance

curves with high spatial resolution.[166] PF-QNMwas applied suc-
cessfully to perform nanomechanical imaging and demonstrate
that the intrinsic elastic moduli of different classes of mature
amyloid fibrils, including α-synuclein, Aβ42, and Tau proteins,
lied in the GPa range.[63,165] This nanoindentation characteriza-
tion also allowed the measurement of the intrinsic Young’s mod-
ulus of protein aggregates independently of the polymorphic
state and their cross-sectional properties.[166] In particular, it
was able to capture the evolution of Young’s modulus during
fibrillation of α-synuclein and Aβ42 (Figure 10A). The elastic
modulus of the amyloidogenic species evolved monotonically
during aggregation as a function of the fibrillation process.
Oligomers, protofibrils, and mature fibrils showed an increasing
value of intrinsic stiffness in the order of GPa.[69] These results
demonstrated that the amount of hydrogen bonding (H-bonding)
between β-sheets in the assembled structures during oligomeri-
zation and fibrillization process is an important parameter affect-
ing the mechanical properties of these structures. Other studies
confirmed that the stiffness of amyloid fibrils increase because of
H-bonds formation. It is the case of peptides F8 and EF8E where
E increases�0.07 GPa during self-assembly upon addition of the
first amino acid and �0.12 GPa each further added amino acid
until 8 or 9 residues.[291] No additional amino acids led to a
change in Young’s modulus E, indicating that no additional
H-bonds were formed. Similarly, it was confirmed that amyloid
fibril maturity can affect mechanical properties. The high spatial
resolution of nanomechanical imaging via AFM was further
applied to study the heterogeneity of model amyloid fibrils
formed by short peptides (Figure 10B),[100] showing that amyloid
fibrils exhibit sub-molecular heterogeneity in mechanical proper-
ties; with periodic amyloid fibrils having the lowest Young’s
modulus in the order of�2.5 GPa, while a transition of the struc-
ture of these periodic fibrils to a crystalline rod-like structure
cause an increase of Young’s modulus up to �5.5 GPa. The
dependency of Young’s modulus E on the structure and size
of amyloid fibrils may be closely correlated with pathology
molecular mechanisms since stiffer amyloid species might be
more difficult to be handled by degradation and clearances
processes.[16]

Finally, nanoindentation measurements were also used to
prove how the presence of Aβ1-42 peptide altered the mechanical
properties of human neuroblastoma and rat hippocampal
cells.[315,316] Theses result may suggest that Aβ1-42 triggered
microtubule disassembly and damage cellular neuronal mem-
branes causing a softening effect related to the toxicity of oligo-
meric amyloids.

7. AFM-IR: Nanochemical Imaging and
Spectroscopy

We highlighted above AFM-based methods providing unprece-
dented 3D information beyond imaging of morphology, largely
by unraveling dynamics, molecular forces, and mechanical prop-
erties, for biomolecular processes in cancer and neurodegenera-
tion. However, the chemical-structural properties at the
nanoscale of the biomolecules involved in these processes have
profound impact on the onset and progress of these diseases.

Figure 10. Determination of the heterogeneous mechanical properties of
amyloid species. A) Young’s modulus of Aβ42 protein self-assemblies
increases during the fibrillization process, from �1 GPa for oligomers, to
�2 GPa for protofibrils and >3 GPa for mature amyloid fibrils, adapted
and printed with permission from,[69] Copyright 2015, Wiley. B) Model
IFQINS peptides were used to investigate the heterogeneity of the nanome-
chanical properties of single amyloid periodic fibrils F, intermediate crystals
IC, and crystals C. In the maps and cross-sections, red color corresponds to
the DMT moduli of fibrils, green shows intermediate crystals, and blue cor-
responds to the DMT moduli of crystals. Thus, demonstrating that different
morphologies and crystal states of fibrils induce a significant variation in the
mechanical properties; with the crystal state showing highest Young’s mod-
ulus; printed with permission from,[100] Copyright 2021, Wiley.
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Tip-sample interaction forces are at the heart of an AFM detec-
tion system. These forces not only vary with tip-sample distance,
but also with the physical properties of the systems under inves-
tigation. This feature, together with the possibility to functional-
ize the AFM tip with arbitrary chemical groups, has further
allowed discriminating different materials within the same sam-
ple on the basis of their thermal, electrical, and magnetic prop-
erties down to Ångström resolution.[277] Yet, these AFM-based
physical methods do not allow to directly enquire with molecular
recognition power the chemical properties of heterogeneous bio-
logical systems.

A breakthrough has occurred in the last decade with the devel-
opment and application of nanochemical analysis via AFM-IR in
biology. AFM-IR combines the high spatial resolution of AFM
(�1 nm) with the chemical analysis power of IR spectroscopy,
to allow multimodal imaging of morphological, mechanical,
and chemical properties at the nanoscale (Figure 11). The unique
multimodal nano-analytical capabilities of AFM-IR have been lev-
eraged to study heterogeneous biological systems over multiple
physical scales, such as protein aggregates and conden-
sates,[35,64,79,100] chromosomes,[317] bacteria,[318] viruses,[319]

vesicles,[320] cells, and tissue,[76,318,321,322] among others.
Because of its capabilities, the historical development of AFM-
IR has been actually driven by the need to unravel the heteroge-
neous properties of biomolecular and cellular processes with
large focus on neurodegeneration and cancer research.
Indeed, there is a compelling need to understand the chemical

characteristics differentiating healthy from cancer cells and to
correlate the chemical-structural properties of protein conden-
sates, assemblies, and amyloids to the origin of cytotoxicity in
neurodegeneration.

7.1. Principles

To overcome the limitations of conventional nanoimaging meth-
ods, several AFM-based nanospectroscopy techniques have been
developed. These methods can be divided into: scattering meth-
ods, such as scanning near field optical microscopy (s-
SNOM)[323] and tip-enhanced Raman spectroscopy (TERS),[65]

and photothermal methods, such as AFM-IR.[65,67] These
approaches offer a trade-off between high-sensitivity and the abil-
ity to relate directly the acquired chemical information into quan-
titative chemical characterization. Scattering based methods,
such as TERS and s-SNOM empowered the capability to acquire
chemical information at the nanoscale, even at the single-
molecule and single-bond scale for TERS.[324] However, the inter-
pretation of such spectra in terms of direct structural information
constraints the study of larger biomolecules that remains highly
challenging. Indeed, scattering spectra are over-rich in informa-
tion and variability and subjected to geometric and plasmonic
effects causing: suppression of bulk Raman bands in TERS, such
as Amide I,[325] and thickness dependency of chemical shifts in s-
SNOM.[323] These factors render quantitative nanoscale struc-
tural analysis less direct than bulk methods, especially when
studying heterogeneous biological systems. The introduction
of AFM-IR has allowed to overcome limitations of scattering
methods in the quantitative analysis of biological systems.
AFM-IR achieve nanochemical analysis by leveraging the
photothermal-induced resonance effect (PTIR). The PTIR effect,
in contrast to scattering methods, measures directly the IR
absorption of a sample (Equation 21). Thus, the spectra are in
full agreement with IR bulk approaches. The acquired chemical
information is not affected by scattering and plasmonics effects,
allowing reliable structural-chemical analysis of biological sam-
ples from the micron to the single-molecule scale.[65,66]

Figure 11 illustrates the principle of function of AFM-IR based
on the PTIR effect, in the case of liquid–liquid phase separated
protein condensates of FUS.[35] A tunable IR laser is operated
in the mid-IR range of 3600–800 cm�1. The IR laser is focused
on the AFM probe. If the wavenumber ν̃ (cm�1) of the exciting
laser pulse matches one of the molecular vibrational energy levels
of the sample, the IR light is absorbed (Figure 11A). This absorp-
tion causes thermal heating and expansion of the sample, which is
detected by the AFM tip in contact (CM) or tapping mode
(TM).[65,67] The typical temperature increase induced by the IR
laser is of only a few degrees Celsius, thus not inducing significant
modifications even to soft biological material. The oscillation
response SAFM-IR of the cantilever in contact with the sample is
purely proportional to the IR absorbance Aðν̃Þ at each wavenum-
ber (Equation 22). In CM, the Aðν̃Þ is proportional to the peak-to-
peak amplitude of the raw deflection signal or the peak amplitude
of the Fourier transform of the oscillation of the cantilever, termed
the IR amplitude; while in TM, the Aðν̃Þ is proportional to the can-
tilever response via a heterodyne detection, where one Eigenmode
of cantilever oscillation is used to measure the topography of the

Figure 11. Principle of AFM-IR function in protein condensates. A–C)
Absorbed IR light causes thermal expansion of the sample exciting the
AFM cantilever in contact with the sample, whose response is proportional
to the A) absorbed light. Scanning the cantilever on the sample while fixing
the laser wavelength enabled B) IR absorption and C) nanomechanical
maps. D) Nanoscale localized IR spectra were obtained by sweeping
the laser wavelength while fixing the position of the cantilever for a
FUS protein condensate. Thus, AFM-IR provides measurement of mor-
phological, mechanical, and chemical properties. Figure adapted and
printed with permission from,[352] Copyright 2021, Bio-Protocol.
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sample and another Eigenmode is used to measure the thermal
expansion.[67] TM AFM-IR reduces the tip-sample interaction
forces and allows less invasive measurement of soft materials,
although the reduced time of interaction between the tip and
the samples may cause a reduction of the IR signal. The IR laser
source illuminates an area of �30 μm in diameter, but the spatial
resolution advantage of AFM-IR derives from the fact that the
near-field aperture of the IR detector is nominally the AFM tip
diameter, which is as sharp as 1–10 nm. Scanning the probe over
the sample at fixed IR laser wavelength enables the simultaneous
acquisition of nanoscale maps of morphology (Figure 11A),
IR absorption (Figure 11B), and mechanics (Figure 11C). The
acquisition of mechanical information is achieved qualitatively
by monitoring the cantilever resonant frequency, which varies
monotonically as a function of the Young’s modulus of the sam-
ple, or quantitatively via peak-force based detection. Once themap-
ping is completed, nanolocalized spectra (Figure 11D) are
obtained by sweeping the IR laser wavenumber while maintaining
a fixed position of the AFM cantilever, with a lateral resolution
down to �5 nm.[326] AFM-IR can also acquire 4D chemical hyper-
spectral maps, where the morphology is correlated to a chemical
map where each individual pixel is a full IR spectrum. Thus,
AFM-IR acquires multimodal maps of 3D morphology, single
wavenumber chemistry and stiffness, or 4D hyper-spectral IR
absorption maps.

We first provide a brief overview of the theoretical framework
at the base of AFM-IR (Figure 11A). A formal derivation of the
AFM-IR signal transduction SAFM-IR was first proposed in
2010[327] and further rearranged[328] and can be summarized
in Equation (22).

SAFM�IRðν̃Þ ¼ HAFM ⋅Hexp ⋅Hther ⋅Hopt ⋅ ν̃ · kðν̃Þ ∝ Aðν̃Þ
(22)

where HAFM is a constant depending on the cantilever’s geometry,
modal stiffness k (Nm�1) and frequency of oscillation ω (s�1), and
deflection sensitivity (nmV�1).Hexp is themechanical contribution,
which depends on the thermal expansion coefficient αT (K�1) of
the sample. Hther is the thermal contribution depending on the
dynamics of thermalization of the sample, as determined by its
thermal properties and the choice of the IR laser pulse length
tp (ns).Hopt is the optical contribution, which in its simplest form
is proportional to the intensity Iinc(ν̃) of the incident IR light,
which is known by acquiring a background spectrum of the IR
laser profile. The term ν̃ · kðν̃Þ is the product of the wavenumber
ν̃ ¼ 1=λ (cm�1) of the light and the imaginary part (extinction coef-
ficient) of the complex refractive index ñ ¼ nðν̃Þ þ i kðν̃Þ of the
sample; thus, it is nothing else that the absorption coefficient
of the sample αðṽÞ (cm�1). Since the terms HAFM, Hexp, Hther,
and Hopt only depend on constants and geometrical factors, they
only scale the overall signal and do not affect relative peak inten-
sities or shapes. Thus, SAFM-IR only varies as a function of the
absorption coefficient α ṽÞ ∝ ṽ kðṽÞð . Equation (22) thus demon-
strated that the absorption-induced thermomechanical expansion
is directly proportional to the IR absorption A

�
ν̃
�

of the
sample.[327,329]

Two AFM-IR illumination geometries are available: bottom
and top illumination. This illumination geometry fundamentally
impacts the capabilities of the technique. The first and second

generations of AFM-IR relied on a bottom illumination scheme
using transparent prism elements, and a standard AFM cantile-
ver operating in contact mode as a detection system.[329,330]

Pulsed IR excitations were initially provided by either a free elec-
tron laser with tunable wavelength or a carbon dioxide (CO2)
laser operating at fixed wavelengths, with pulse widths tp of
1 μs and 10 ns, respectively. The pulsed character of the excita-
tion is required because the cantilever oscillation amplitude is
sensitive to the derivative (speed) of the surface displacement
rather than the displacement itself.[327,330] The limited perfor-
mance of the first AFM-IR experimental designs, owing to the
large tp of free-electron lasers and the lack of wavenumber tun-
ability of CO2 lasers, stimulated the development of novel solu-
tions. Therefore, it was introduced a second-generation AFM-IR,
leveraging optical parametric oscillator lasers (OPOs) with tun-
ability between 4000 and 1000 cm�1 and Pw< 10 ns. The short
pulse (10 ns) working regime, for tp faster than the thermaliza-
tion time of the sample, allowed that the spatial resolution to be
mainly limited by the AFM tip size, while for pulse width longer
than tp, the spatial resolution is only slightly affected by heat ther-
mal diffusion.[327,330] However, OPOs performance was still lim-
ited by delivering a local IR spectrum in �5min and a chemical
map in �30min, with 50–100 nm spatial resolution at
4–10 cm�1 spectral resolution. Furthermore, in the bottom illu-
mination geometry, the pulsed IR beam undergoes attenuated
total reflection (ATR) at the interface between the IR transparent
prism and the sample surface; thus, the signal increase linearly
with sample thickness only up to �1–2 μm.[328] Another con-
straint is represented by the low IR absorption condition of
the prism, which restricts the choice of substrate to transparent
media, such as zinc sulfide (ZnS) and to zinc selenide
(ZnSe).[79,331]

To overcome limitations of OPO lasers and prisms elements, a
third current generation of AFM-IR devices was developed with
top-illumination of the laser.[64,65,67] These devices leveraged as
IR source quantum cascade lasers (QCL) lasers with: fast pulse
(20–500 ns), large range repetition rate (Rr) (1 kHz to 2–3MHz),
fast spectra acquisition (�500ms), and improved spectral reso-
lution (�0.5 cm�1). Since QCL single chips have limited tunabil-
ity of �400 cm�1, multiple chips are however required for the
mid-IR range. The introduction of QCLs enabled the introduc-
tion of the resonance-enhanced (RE) mode, where the laser Rr

could be matched with one of the cantilever contact resonance
eigenvalues.[332] In RE mode, sample expansion cycles occurred
at the same frequency as cantilever oscillations, which allowed
for a sensitivity improvement of the order of the cantilever quality
factor Q (up to 105 in vacuum). Further improvements in sensi-
tivity were achieved by adapting a top-illumination scheme in
which the IR field intensity was enhanced at the nanogap
between a gold-coated AFM tip and gold-coated substrate.[333]

In the first application of this method, a molecular sensitivity
of �30 molecules was estimated, along with a spatial resolution
of 25 nm, which was smaller than the tip radius (�30 nm).[333]

Latest developments in AFM-IR technology have further open
a new window of observation with nanochemical resolution on
biomolecular processes at the single molecule and cell level,
which were not possible and not even imagined more than a
decade ago.
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To allow nanochemical analysis of both bulk and surface prop-
erties, AFM-IR surface sensitive mode (SSM) has been recently
developed.[67] In top illumination, AFM-IR leverages the high
penetration depth of IR light in the order of several micrometers:
to measure the bulk properties of the samples beyond the limits
of the ATR configuration (�2 μm). Instead, scattering methods
are mostly surface sensitive with depth resolution of �5–10 nm
for TERS and 10–50 nm for s-SNOM.[65] SSM AFM-IR is operat-
ing in contact mode uses heterodyne detection, to achieve the
characterization of the most superficial layer of a material with
depth sensitivity of �25 nm.[67]

Performing AFM-IR in bottom illumination has been reconsid-
ered in recent years to achieve measurements in physiological-like
environments in liquid.[68] Indeed, its ATR configuration is pref-
erable for liquid measurements since it reduces impact of water
signal on AFM-IR, as in bulk ATR-FTIR.[66,331] Bottom illumina-
tion also has the advantage to not require metallic probes to reduce
the IR absorption of the tip, but its sensitivity in liquid is yet
limited to sample thicknesses >100 nm.[68,334]

On the other hand, top illumination has proven to achieve the
detection and chemical-structural analysis of single molecules
and their interaction, such as the secondary structure determina-
tion of protein and the chirality of single polymer chains.[66,70,326]

Top illumination allows employing the plasmonic enhancement
at a metallic tip-substrate nanogap and performing polarization-
dependent studies, to push AFM-IR sensitivity to the single-
molecule level, which might be useful to improve sensitivity
in liquid as well.[66] Achieving single molecule sensitivity was
possible thanks to the introduction of off resonance, low power,
and short pulse (ORS)[66,70] and via the recent development of
acoustically mechanically suppressed (AMS) AFM-IR.[326]

When the sample size is smaller than the tip radius, a non-neg-
ligible portion of the substrate is also excited and contributing to
the signal, which is further frustrated by the external environ-
mental noise. ORS and AMS AFM-IR demonstrated that detun-
ing off-resonance the laser repetition Rr allows maximizing
sample signal, reducing tip excitation from the substrate, and
minimizing sample damage to study structure of biomolecules
down to single amyloidogenic oligomers with a diameter of 3–
4 nm, protein with �400 kDa,[66,70] and chiral chains of
�200 kDa.[326]

7.2. Unravel Nano Chemical-Structural Properties in Cancer
Research

Cancer cells exhibit unique chemical and structural characteris-
tics influencing their behavior and interactions with their envi-
ronment.[25,27,71] Unraveling the chemical–structural properties
of cells and tissues is thus critical for understanding the complex-
ities of tumor biology and developing effective treatments.
AFM-IR offers an invaluable tool to probe and differentiate
the physical–chemical and structural properties of health,[322]

subjected to stress,[321] and cancer cell at the nanoscale,[76] as well
as to study the properties of anticancer drug formulations[335] and
their effect and localization within the cellular and subcellular
components.[76,317]

Several studies have employed AFM-IR to study the chemical
properties of cancer cells. A common biomarker of breast cancer

is represented by breast microcalcifications (BMCs), calcium-rich
deposits that can reach the millimeter size.[336] While mammog-
raphy X-ray screening, accounts for presence, distribution, and
shape of the BMCs, it does not provide any histological or chem-
ical information. AFM-IR has been used to overcome these lim-
itations and perform a nanochemical analysis of BMCs from a
carcinoma biopsy,[337] showing that the physicochemical proper-
ties of BMCs correlated with the severity of the pathology, to help
medical oncologists to design a tailored therapy. Similarly, AFM-
IR has been used to probe secondary structure changes within
fibril-rich and fibril-poor areas of pleomorphic adenoma tissue
sections.[338] The importance of quantifying the biochemical het-
erogeneity of cancer cells has been further pointed out in a study
aimed at characterizing morphological–chemical features of epi-
thelial cancer cells in a spatial–temporal dependent manner.[339]

The nanochemical analysis of cancer cells via AFM-IR has
been further compared with bulk FTIR and Raman for the
identification of cholesterol derivatives bands of PC-3 prostate
cancer.[340,341] AFM-IR empower to detect chemical changes
undetectable with FTIR and Raman. Moreover, polarization
dependent studies allowed the enhanced study lipid bands in
the cellular membrane,[341] and null deflection mode has been
proposed for the analysis of thin sections of model cell lines.[322]

The nanoscale resolution of AFM-IR has further posed the way
to study cancer at the sub-cellular level. However, the overlapping
of vibrational bands arising from the complex cellular environ-
ment can challenge the detection of cellular ultrastructure and
molecular composition despite the advantage of label-free detec-
tion. Thus, organometallic conjugate probes have been devel-
oped, injected, and localized in breast cancer cells to allow the
detection of an exogenous agent inside cells, with spatial resolu-
tion <100 nm.[342] The advantage of these molecular probes is
that their vibrational peaks, related to metal-carbonyl groups,
appear in an IR transparent region for biological samples
between 1900 and 2300 cm�1. In a following study, the IR prop-
erties of metal-carbonyl units were combined with ligands
known to exhibit luminescence, to allow correlative analysis.[343]

This multimodal probe was integrated in mestranol, a prodrug
for ethynylestradiol and estrogen component of some oral contra-
ceptives, to investigate distribution in breast cancer cells
(Figure 12A). The study showed the localization of the modified
estrogen in the Golgi apparatus, showing how AFM-IR could be
successfully used in combination with luminescence techniques
to characterize biological samples at the subcellular level.

Nanochemical imaging was further leveraged as a tool to
assess physicochemical properties of anticancer drug formula-
tions and improve their performances. Nanochemical analysis
was used to study the partitioning of anti-cancer drugs paclitaxel
within hybrid lipid-polymer membranes. These hybrid mem-
branes, compared to single component formulations, showed
enhanced releasing of the chemotherapeutic agent while simul-
taneously hindering its crystallization.[346,347] The study identi-
fied paclitaxel preferential localization, quantified the width of
the phase boundaries of the two membrane components, and
estimated the percentage of lipids in the polymer-rich phase
(Figure 12B).[346] This information is promising to optimize
the efficacy of hybrid membrane-based delivery systems and pro-
duce anticancer drugs with improved performances. Another
crucial problem in cancer therapies is represented by the
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Figure 12. AFM-IR applications in cancer research. A) AFM-IR is used to localize a luminescence and IR active molecular probe within breast cancer cells,
printed with permission from,[76] Copyright 2023, Elsevier. The AFM-IR chemical map has been collected at 1925 cm�1, where a strong absorption of the
metal-carbonyl occurs. B) Nanoscale spatially resolved IR spectra have been acquired at the interface of a hybrid lipid-polymer membrane used to encap-
sulate the cancer drug paclitaxel (number 1 and 2), printed with permission from,[346] Copyright 2018, The Royal Society of Chemistry. The decay of the
intensity of lipid-associated peaks (number 3) has been used to assess the size of the interface and to estimate the amount of lipid content within the
polymer-rich phase. AFM-IR of chromosomes anti-cancer drug interaction showing C) nanoscale IR maps (2916 cm�1) of metaphase chromosomes in
presence and in absence of platinum-based anticancer drugs. D) Chemometrics techniques have been used to discriminate heterochromatin and euchro-
matin regions based on the methylation content. Subsequently, it was possible to establish a preferential binding of the cancer pharmaceutical to
heterochromatin. C–D) Adapted and printed with permission from,[317] Copyright 2019, Oxford Academy.
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cytotoxic activity exerted indistinctively on cancerous and healthy
cells, which inhibits physiological functions leading to side
effects. Noble metal-based nanoparticles made of silver
(AgNPs) and gold (AuNPs) have been proposed as potential can-
didates to selective release the drug load against cancer cells.
Since the drug efficiency can be altered by its conjugation with
the NPs, nanospectroscopy was used to perform a single-particle
chemical characterization of how the drugs interact with the
NPs.[335,347] Similarly, AFM-IR assessed the interaction of the
anticarcinogenic drug erlotinib with Ag- and Au–NPs,[348] show-
ing that erlotinib interacted with the AgNPmonolayer via its phe-
nyl ring and methoxy moiety, while with the AuNP monolayer
through its phenyl ring and the quinazoline moiety.

AFM-IR has also proven able to assess the localization, distribu-
tion, and molecular interactions of cancer drugs at the sub-cellular
and organelle level. AFM-IR demonstrated that a ferrocifen-
labeled chemotherapeutic agent localizes in the nucleus, provid-
ing direct answer to a question that was long debated.[349]

Similarly, the antitumoral properties of withaferin A[350] were
investigated for better understanding its mechanism of action
on cervical cancer cells. AFM-IR spatially resolved spectra, col-
lected from cells exposed to increasing doses of drug showed
an antagonistic correlation between the drug concentration
and the intensity of DNA-associated bands, the secondary struc-
ture of protein, and the apoptosis-related vibrational peaks, thus
allowing to propose the molecular mechanisms on the antitu-
moral activity of the drug.[76] AFM-IR was further employed
for the label-free detection for mapping the distribution of a
platinum(Pt)-based chemotherapeutics in metaphase chromo-
somes (Figure 12C).[317] Heterochromatin and euchromatic
regions were first distinguished through quantification of their
methylation degree. Then, presence of the spectral markers of
the Pt-containing molecule were investigated and a preferential
binding with heterochromatin was proven.

7.3. Nano Chemical–Structural Properties of Protein-Self
Assemblies in Neurodegeneration

Protein self-assemblies with varying shape, post-translational
modifications, secondary structure, and content of cross-β struc-
ture may be associated to different neurotoxic mechanisms.
Substantial progress has been achieved by charactering the mor-
phological and mechanical properties of protein condensates and
self-assembly at the single-molecule level. Yet, the chemical
nature of the self-assemblies most prone to cytotoxicity, and
the mechanisms by which they contribute to disease are unclear.
Classical AFM-based methods are in large part chemically blind
and do not allow to unravel the chemical-structural heterogeneity
of pathological protein self-assemblies, precluding to draw a cor-
relation between their chemical properties in vitro/ex vivo and
their molecular mechanism of toxicity in vivo.

To overcome this knowledge gap, the single-molecule and
multimodal capabilities of AFM-IR have been leveraged to per-
form an accurate nanochemical characterization of the heteroge-
neity of the chemical-structural diversity of the protein
condensates and self-assembled species formed in vitro and ex
vivo, in relationship to their role in the onset of neurodegenera-
tive disorders, such as AD, PD, HD, ataxia, and ALS.

In the very first study of this kind, nanochemical imaging and
spectroscopy was applied to study the link between protein self-
assembly of the Josephin domain of the ataxin-3 protein and the
neurodegenerative disorder of Ataxia-3 (Figure 13).[79] Yet with
limited sensitivity to samples with �50 nm thickness, AFM-IR
was successfully applied to characterize oligomeric and fibrillar
species of the Josephin domain (Figure 13A), correlating the
intrinsic stiffness of amyloids with their secondary structure
content at the nanoscale (Figure 13A).[79] The study suggested
that the aggregation of Josephin proceeds from the monomer
state through the formation of spheroidal intermediates with a
native structure, which may later be identified as condensates
(Figure 13B). These intermediates evolved into misfolded aggre-
gated condensates, leading to amyloid fibrils formation. This
study demonstrated that proteins were still in their native con-
formation at the earliest stage of aggregation, providing the first
direct evidence of the “first-aggregation-and-then-misfolding”
pathway of amyloid formation. Similarly, this approach was
leveraged to study how the heterogeneity of amyloid species
Aβ42 had increased cytotoxicity when subjected to pyroglutamy-
lation. The study found that a 5% content of pyroglutamylation
induced the formation of oligomeric species and with increased
disruption of intracellular calcium homeostasis and the highest
neuronal toxicity.[351]

AFM-IR was further leveraged to understand protein behavior
in the emergent field of biomolecular condensation and its link
to the onset of neurodegenerative diseases, such as ALS
(Figure 13C,D). Infrared nanospectroscopy was employed to first
prove a phase transition from a liquid-like to a disease-associated
solid-like state.[139] The technique first proved to be a powerful
tool to locally probe the composition and assess the presence
of intermolecular hydrogen bonding within single condensates
(Figure 13C).[352] Then, it was used to assess the effect of
post-translational modifications on the physiological state of
the FUS protein condensates.[35] The study proved that coopera-
tive cation-π interactions drive FUS condensation and that the
ALS-associated arginine hypomethylation strongly destabilize
the physiological state of FUS condensates leading to intermolec-
ular β-sheet-rich hydrogels disrupting ribonucleoprotein granule
function and impairing new protein synthesis in neuron termi-
nals. To further understand how physiological state of FUS could
be altered, a subsequent study proved that shear could favor the
liquid-to-solid transition of FUS into macroscopic fibrillar
aggregates, similar to classical amyloids with high content of
intermolecular hydrogen bonding (Figure 13C).[353] AFM-IR
nanopolarimetry unraveled the structural order of single fibrils
and reconstructed the mechanisms of FUS fibrillization induced
by low mechanical shear favoring generic backbone–backbone
hydrogen bonding and intermolecular β-sheet formation
(Figure 13D).

While instrumental, the initial sensitivity of AFM-IR pre-
vented to characterize single oligomeric and fibrillar species of
smaller protein and peptides. A pivotal study leveraged the third
generation of AFM-IR systems, combined with the resonance-
enhanced mode and the rod-like antenna effect, to achieve
nanochemical analysis of single amyloid species.[64] This study
provided novel information on the role of polyQ expansion in
altering the structure of amyloids in association to the genetic
onset of HD. AFM-IR demonstrated that polyQ content
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Figure 13. AFM-IR application to study protein liquid-liquid phase separation and aggregation. A) AFM-IR analysis of the aggregation process of the
Josephin domain of ataxin-3 protein. Nanoscale resolved mechanical and chemical maps and spatially resolved IR spectra, discriminated secondary
structure differences during early condensation and aggregation. B) Schematic representation of the hypothesized first “aggregation and thenmisfolding”
mechanism for the Josephin protein. A–B) Adapted and printed with permission from,[79] Copyright 2015, Springer Nature. C) Example of AFM-IR
application to the study of the liquid to solid transition of FUS protein. In this study, AFM-IR in combination with optical microscopy and nano-polarimetry
demonstrated the shear-induced ageing of the FUS protein. D) The solid and ordered fibrillar state was driven by the droplet deformation induced by shear
forces. C–D) Adapted and printed with permission from,[353] Copyright 2020, Springer Nature.
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determines a the ordering of the cross-β sheet structure of hun-
tingtin exon 1 aggregates.[64] Oligomeric species only presented
antiparallel cross-β sheet structure, while amyloid fibrils had an
increasing content of parallel cross-β sheet structure as a

function of increasing polyQ expansion. Overall, the correlation
of AFM-IR results with morphological and nanomechanical anal-
ysis suggested that crossing the polyQ pathogenic threshold
causes a chemical structural reorganization of amyloid species,

Figure 14. Single-molecule AFM-IR studies of single protein and their assemblies. A–C) Adapted and printed with permission from[66] (Copyright 2020,
Springer Nature), single-molecule AFM-IR to study single thyroglobulin protein A) 3D morphological map and B) AFM-IR chemical map collected at
1655 cm�1 (amide I). C) Single molecule AFM-IR spectra acquired versus conventional bulk IR spectra, with second derivative analysis, demonstrated that
AFM-IR can determine the secondary structure of single-protein with similar accuracy as FTIR. D) Schematic of the AFM-IR experimental approach to
study the interaction of Aβ42 oligomers (light blue sphere) and fibrils (dark blue rod) with the anti-aggregation drug bexarotene (green star). To reach high
sensitivity ORS nanoIR at the nanogap between a gold-coated probe and a gold substrate was used. E) Second derivative of the spectrum of a
single-aggregate in absence of the bexarotene drug to determine its secondary structure. F) Single-aggregate IR spectrum collected in presence of
the bexarotene molecule, with PCA analysis showing the possibility to discriminate spectral differences between Aβ42 in absence and in presence
of the drug molecule. G) Schematic representation highlighting hydrogen bonding mediated interaction between bexarotene and Aβ42.
D–G) Adapted and printed with permission from,[70] Copyright 2021, Springer Nature.
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which could be potentially linked with their toxicity mechanism
in HD.

Leveraging latest AFM-IR capabilities and taking inspiration
from the abovementioned studies, nowadays, extensive studies
on protein condensation and aggregation have been carried
out at the single condensate, oligomeric, and fibrillar levels.
The recent development of ORS-nanoIR has allowed to study
protein structure with high-signal-to-noise ratio down to a molec-
ular weight of �400 kDa with �10–15 nm spatial resolution
(Figure 14A,B).[66,70] This development allowed in turn to deter-
mine the secondary structure of protein, with similar accuracy as
conventional FTIR (Figure 14C). The �400 kDa limit well corre-
spond to the typical size of the earliest forms of oligomeric and
fibrillar species of amyloids, thus opening the routine analysis of
their single-molecule chemical–structural properties.[66,354]

Within the many diseases-related protein and peptides,
significant efforts have been devoted to the study of α-synuclein
and Aβ amyloid species (Figure 14D), involved in the onset of PD
and AD.[66,70,351,355–360] These studies demonstrated at the single
molecule level that oligomers of α-synuclein and Aβ42 were char-
acterized by antiparallel β-sheet secondary structure signature,
suggesting a potential correlation between this structure and tox-
icity (Figure 14E).[361,362] The structure of individual α-synuclein
and Aβ42 oligomers was further investigated in the presence of
external factors.[70,357] In the case of α-synuclein, the properties of
the formed amyloid species were studied in presence of chemi-
cally different phospholipid vesicles and cholesterol,[355,356]

which is relevant for the onset of PD since α-synuclein function
is related to synaptic vesicles function. These studies revealed
structural differences between amyloid oligomers and fibrils
grown in the presence and absence of phospholipids and the dif-
ferent incorporation of lipids and secondary structure of amy-
loids as a function of the lipid/protein ratio.[359] The effects of
the same phospholipid vesicles on the time-dependent evolution
of oligomer secondary structures were further investigated to
prove an increase in α-helix and unordered protein secondary
structures at the expense of the parallel β-sheet content.[358]

These studies showed that AFM-IR paved the way to study
protein-lipid interactions with unprecedented detail. In the case
of oligomeric and fibrillar species of Aβ42, AFM-IR was com-
bined with chemometrics to prove the molecular interaction
of oligomers and fibrils with an aggregation inhibitor drug, bex-
arotene, which is able to prevent Aβ42 aggregation in vitro and
reverse its neurotoxicity in cell and animal models of AD.
This approach demonstrated that bexarotene interacts with
Aβ42 oligomers via single hydrogen bond, proving to unravel pro-
tein-drug interactions at the single molecules level (Figure 14G).

These results thus paved the way to establish AFM-IR as a new
single-molecule tool to unravel the chemical–structural origin of
amyloid species potential toxicity, as well as in structure-based
drug discovery programs against protein misfolding neurode-
generative diseases.

8. Conclusions and Future Perspectives

All the advances reported in this review demonstrate the contin-
uous necessity to develop nanobiomedicine platforms that take
advantage of information at the nanoscale beyond imaging.

This review has discussed in detail how AFM-based methods
are a powerful tool to unravel in a multiscale and multimodal
manner, the nanoscale properties of the common molecular pro-
cesses that drive cancer and neurodegenerative disorders. The
valuable information provided by AFM-based methods can help
to better understand the molecular origins underlying the onset
and progression of these human pathologies. Furthermore, the
identification of these common molecular mechanisms could be
used to define biomarkers of disease, which in turn could be lev-
eraged as diagnostic tool to test therapeutic strategies. To
undertake this societal challenge, we have discussed the huge
progresses achieved in the last two decades, with the develop-
ment of sensitive AFM single-molecule and video-rate imaging,
molecular recognition and mechanical investigations, as well as
the latest developments in nanochemical analysis.

Despite the milestone advances of AFM-based methods in bio-
science, there is the compelling need to overcome several hurdles
to further converting these significant gains into therapeutic
applications in cancer and neurodegeneration. These challenges
include: standardizing samples preparations and procedures of
measurement; advancing imaging under physiological condi-
tions; integration of AFM with correlative imaging methods;
and improving raw data acquisition and processing, in combina-
tion with chemometrics and artificial intelligence (AI).

Sample preparation via deposition on a surface is still a critical
step for the AFM-based analysis of single molecules, cells, and
tissues for their analysis in air and liquid environment. Despite
the major advances in the development of new AFM modes and
their applications, the science of sample preparation for AFM
measurements is significantly based on the manual skills of
the operator, and limitations remain in the accuracy and repro-
ducibility of this key step in the analysis. Especially when mea-
suring in air, the deposition of the sample on a surface by
unexperienced users and newcomers can induce alteration of
its properties compared with its natural state, which in turn
can lead to misinterpretation of results and wrong conclusions.
To deal with this limitation, in the case of biomolecules and
small cells, automated and reproducible microfluidics spray
deposition has shown preserving the molecular conformation
and heterogeneity of samples prior to nano-analysis via
AFM-based methods.[152,153]

Cells and tissue samples must often be frozen, fixed, or immo-
bilized for AFM analysis, which can interfere with studying
dynamic cellular processes in a physiologically relevant state
and may alter cell morphology and behavior. Thus, advancing
the capability to analyze sample chemical and structural proper-
ties in a liquid environment, which resembles as much as
possible the physiological conditions in human body, will be fun-
damental to advance our knowledge on neurodegeneration and
cancer. Live-cell AFM allows maintaining a fluid environment
that mimics in vivo conditions, for the study of live, dynamic cel-
lular behaviors while reducing the need for immobilization. This
approach is particularly useful for cancer cells, which often
exhibit distinct behaviors in different conditions.[363] AFM-based
nanospectroscopy methods have shown proof-of-concept of oper-
ation in liquid,[68] but they still have limited sensitivity and lack
the possibility to control the liquid environment conditions.
Further development to acquire nanochemical information at
the single-molecule level, or in biofluids and tissue, in liquid will
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be key for the routine operation of these methods in interdisci-
plinary laboratories aiming to tackle fundamental questions in
neurodegeneration and cancer research. To partially overcome
this limitation, the microfluidics spray deposition described
above allow studying biomolecular processes in air, while pre-
serving in a similar state as in liquid the molecular conformation
and heterogeneity of biomolecules.[152,153] Yet, we believe that the
reliable extension of AFM-IR application in liquid will be an excit-
ing challenge in the next decade. Indeed, if AFM-IR operation in
liquid proves reliable, it would allow in principle to perform
nanospectroscopy in a dynamic physiological environment, pav-
ing the way to monitor molecular processes and interactions in
real time at the nanoscale.

To monitor events in real-time, the development of high-speed
AFM has allowed for faster data acquisition and enabling real-time
imaging of biomolecular and cellular processes, with time scales
closer to other techniques such as fluorescence or electron micros-
copy. Yet, HS-AFM needs to overcome key technical limitations.
Innovations in AFM probe materials, such as carbon nanotube
tips or diamond-coated probes, could improve durability and abil-
ity to maintain high resolution. Anti-adhesive coatings on AFM
tips could alsominimize contamination and improvemeasurement
accuracy. Incorporating these techniques into bioscience research
could provide more dynamic data without compromising sample
integrity. Utilizing lower force set-points or force-modulation tech-
niques could minimize the damage of fragile biomolecules and
cells during imaging. Thus, advances in noncontact and tapping
modes are required to reduce the force applied to biomolecules,
cells, and tissue, to allow preserving the integrity of the sample
while improving image quality. Furthermore, biomolecular interac-
tions, such as those between oncoproteins and their target genes
during cancer development or the oligomerization of protein lead-
ing to insoluble fibrils in neurodegenerative diseases can occur in
an extremely short time scales. To capture transient intermediates
at much higher temporal resolutions, HS-AFM scanning speed
must be increased. Towards achieving these goals, the speed of
HS-AFM was recently doubled using an ultrafast piezoelectric
Z-scanner.[364] Furthermore, HS-AFM has been recently modified
to achieve much faster scanning speed and gentler tapping force, to
capture the morphology of amyloid fibrils in a less invasive
manner.[58,364]

AFM has been further been combined with other techniques
to improve its capabilities andmake it a more versatile technique.
Integration of AFM with advanced optical systems leveraging
microlenses has enabled to bridge the resolution gap between
traditional optical imaging and AFM, allowing to improve
cross-scale rapid imaging with micrometer to nanometer
resolution, with higher throughput by a factor of�8.[365] Live cell
topography imaging data can be also achieved combining holo-
tomography microscopy with AFM,[231] which allows to gather
the morphology of cellular and organoid samples as conventional
AFM measurements, but also the mapping of key factors
involved in disease as the mass density or the protein content
due to the detection of small shifts in their refractive index.[366]

AFM also offers trans-compatibility with electron microscopy
(EM).[367] The combination with scanning electron microscopy
(SEM) was exploited to characterize tumor-derived extracellular
vesicles and visualize the location of their position markers,[368]

which are significant in the design of smart customized targeted

therapies. Alternative approaches have been optimized to decipher
the mechanisms underpinning the onset of cancer and amyloido-
genic proteins. Cryo-EM is one of the most promising techniques
for the structural preservation of biological samples by vitrification
based on ultrafast water freezing.[209] Proper sample vitrification
sustains its native hydrated environment beyond atomic resolution.
Thus, cryo-EM has revealed the folding mechanisms of macromo-
lecular assemblies, such as Aβ42.[369] Nevertheless, cryo-EM suffers
from some drawbacks, including: the necessity of image restora-
tion bymotion correctionsmade with dynamic interactions[370] that
requires class-averaging and does not work purely at the single-
molecule level; it has difficulties in vitrifying large volume bodies,
such as organelles, cells, organoids, multicellular organisms, or tis-
sues, which could enormously limit its use in cancer research. To
overcome some of these limitations, a focused ion beam (FIB) was
used to slice sample sections and produced lamellae of nearly 100-
200 μm thickness for further cryo-EM analysis;[371] however, it may
cause compression effects in the cutting direction leading to arti-
facts. Therefore, cryo-EM can complement AFM measurements
but does not work as a substitutive technique.

Correlative AFM imaging with fluorescence is further able to
selectively identify biomolecules and cell types in vitro and within
a solid biopsy,[372] which is not possible with conventional
AFM-alone measurements. Correlative AFM-based techniques
and fluorescence are able to unequivocally distinguish between
several cellular populations and could open the gate to assess the
mechanical and chemical phenotyping of individual cells in het-
erogeneous samples, which is of particular interest in cancer.[373]

For example, a fluorescent probe called Flipper-TR has been
shown able to monitor membrane tension changes by inserting
into lipid membranes.[374,375] This fluorescent probe combined
with AFM nanomechanical studies could be also applicable to
study the mechanical changes that the cellular membrane under-
goes in cancerous cells. In an analogous manner, correlative
imaging using amyloid sensitive dyes (thioflavin, fluorescent
antibodies) could be successfully used to identify protein conden-
sates and self-assemblies in vitro and within more complex
human biofluids and biopsies. Moreover, conventional AFM
imaging is a surface-sensitive technique, which restricts its anal-
ysis to the surfaces of samples. By contrast, AFM-IR allows to
study the chemical properties of biomolecules, tissues, and cells
thanks to the high penetration depth, in the order of micro-
meters, of infrared light. Thus, the combination of AFM-IR with
fluorescence poses the basis to assess the inner properties of
large biomolecular complexes, and of subcellular structures
and molecules, narrowing the gap between surface imaging
and intracellular information.

AFM-based methods further offer the possibility to feed the
morphological, mechanical and chemical information provided
to machine learning and AI methods for the unbiased discrimi-
nation of healthy versus disease states at the nanoscale. The inte-
gration with automation and AI will help in analyzing large
datasets, identifying patterns, and improving experimental repro-
ducibility. Machine learning could enhance processing of AFM
morphology maps, distinguishing artifacts from true molecular
and cellular features, while automation reduces user-related
inconsistencies in measurements, which could be particularly
valuable in biosciences research, where sample sizes and data
complexity are high. AFM high-speed and high-resolution
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imaging could be further complemented with other tools in
structural biology, such as AlphaFold.[376] AFM-IR combined
with unsupervised clustering and chemometrics offers the
opportunity for developing robust methods allowing the identi-
fication of nanochemical biomarkers, which could be used to
monitor disease as a function of potential therapeutic strate-
gies.[373] Moreover, the creation of open-access dataset libraries
with AFM experimental data and settings will benefit the repro-
ducibility and training of AI models.

For all the aforementioned reasons, the future prospects of
AFM are excellent, not only to answer questions about key factors
involved in cancer and neurodegenerative diseases, but also since
AFM has the potential to interrogate other human diseases
by ameliorating the current nanobiomedicine approaches.
Indeed, it is important to note that single-molecule studies using
AFM could be successfully further devoted not only to cancer
cells or amyloidogenic proteins, but also to all protein machinery
assemblies and drug carrier agents involved in human
pathologies.
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