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Abstract: The implementation of atomic force microscopy (AFM) in cancer detection investigations
has been made possible by new developments. Living cells' physical and chemical characteristics
fluctuate anytime their physiological environments are modified. Consequently, such physical and
chemical traits may represent intricate biological functions happening within cells. The shape,
flexibility, and adhesive characteristics of cells can alter while they are going through the tumorigenesis
phase and are driven by environmental factors. In settings that are close to physiological, AFM can
carry out surface mapping and ultrastructural characterization of live cells with atomic-level resolution,
as well as capturing force spectroscopy data that enables the investigation of the mechanical
characteristics of cells. As a result, high resolution studies concerning the structure and mechanical
attributes of cancer cells may benefit from the application of AFM. The principles of operation theory,
mode of operation, and technical characteristics of AFM are presented in this paper, along with its

various applications and future possibilities in cancer studies.
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1. Introduction

Cancer is one of the top causes of death worldwide. When this condition manifests, cancer cells develop
abnormal properties, such as the ability to continuously proliferate and generate metastases, i.¢., thereby
leaving localized tissue to propagate via blood vessels to various adjacent organs and invade them.
When compared to the healthy cells from which they have been derived, cancer cells' chemical and
physical properties are distinct since they are unrestrained and quickly reproducing cells.” To
accommodate the biological functions of tumor cells themselves, throughout growth and dissemination,
the degree of adhesion among cells diminishes, and the form and stiffness of the cells themselves alter
in accordance with the immediate surroundings.”* Consequently, using physical features like stiffness,
adherence, and Young's modulus, investigators can ascertain the likelihood that cells are malignant, if
cancerous cells are intrusive or metastasizing, and the impact of medications on tumor cells, among

other factors.”) Nevertheless, to carry out the previously mentioned studies, it is essential to examine
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and experiment with cells at a spatial resolution of a few nanometers.

There has been a significant rise in interest during the past decade in the mechanical study of biological
specimens within the confines of diseases.® As a result, several approaches to examining tissue and cell
mechanics have been refined and developed. Among these methods are optical tweezers,” magnetic
twisting cytometry,® optical stretching,” and AFM,'? although these methods are by no means the only
options. AFM is a very high-resolution instrument that may be used to analyze a sample's morphology
and quantitatively assess its mechanical characteristics down to the atomic level.® Hence, AFM can be
employed in cancer studies. AFM surpasses the resolution limitations of light and electron microscopes
with a vertical as well as horizontal resolution of 0.1 nm. AFM employs a miniature physical probe to
gather information derived from the interaction between the probe and the specimen's surface to
examine the morphology of the material under inquiry in three dimensions.®

The key factors behind AFM's swift and broad acceptance in medical and biological research happen to
be its technical benefits.'” First and foremost, because of AFM's extraordinarily excellent resolution,
molecular- as well as atomic-scale features may be directly imaged in three dimensions.® Second, the
sampling process for AFM is simple, there is minimal damage to the original structure, and the
specimen's original appearance may be precisely and objectively assessed.” In third place, the ever-
changing actions of molecules, organelles, and additional elements in living cells can be captured in
actual time by AFM since specimens can be observed in nearly physiological conditions.!? In the fourth
position, the forces between molecules, charge, pH, and other physical and chemical characteristics of
samples can all be measured using AFM.® The customized probe can also be utilized to pinpoint certain
molecules or forces of interaction, like ligand-receptor interactions. As a result of the above-mentioned
qualities, AFM has an increased likelihood of being used in clinical research, especially in the
identification and management of cancer.'*'Y AFM can differentiate among several cancerous cell
stages in addition to differentiating between normal and malignant cells depending on their distinct
mechanical features.!> For instance, the AFM can separate different human colon carcinoma cell lines
based on rigidity characteristics that tend to be inversely correlated to neoplastic severity when
combined with machine learning and visualization.'® It is possible to determine the kind of programmed
cell death mechanism that rodent fibrosarcoma cells undergo using nano topographical investigation
and mechanical analysis by AFM.!”

Experiments conducted in vitro frequently fall short of capturing the diverse characteristics of a
malignant condition and its host organ.!”!® Indeed, tissues serve as more suitable research tools for a
variety of mechanopathology-related problems. Cancerous tissues are frequently harder owing to
elevated extracellular matrix accumulation and cross-linking, even though cancerous cells are normally
more flexible compared to their healthy equivalents.'>!” Indeed, enhanced rigidity of tissues has been
associated with tumor growth and is a recognized cancer characteristic.!” This is attributable to some
extent to cells' capacities for mechanoreception and mechanotransduction, which allow them to detect
and react to tangible signals in their surroundings. Mechanoresponsive pathways of communication are

consequently triggered to assist in survival and growth when cancer cells are exposed to the abnormal
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mechanical conditions found in the microenvironment associated with tumors.?® To completely
comprehend how cell mechanics drive carcinogenesis, metastasis, and medication resistance, it remains
crucial that these kinds of biomechanical mechanisms and relationships be maintained and investigated
in situ.®” AFM's unique capacity to obtain mechanical characteristics from biological substances and
correlate them to the progression of cancer may help uncover novel options for research and application
in the clinic, even though assays like immunohistochemistry and immunofluorescence are not as
technically demanding.'*?" Nevertheless, even though AFM based techniques are gaining popularity,
little investigation has been done employing AFM-based approaches on cancer and cancer-bearing
tissues.

The physical characteristics of cancer have not been thoroughly studied. AFM could potentially be
utilized to explore alterations to the structure and mechanical characteristics of cancer cells and tissues
because of its many distinctive benefits, which can then be employed as a foundation for clinical
diagnostics.??) AFM also makes it possible to investigate the cellular and molecular pathways by which
anticancer medications work, allowing for the assessment of their effectiveness and providing new
opportunities for the prevention of the proliferation of tumor cells.?*?” The principles of operation
theory, mode of operation, and technical characteristics of AFM are presented in this paper, along with
its various applications and future possibilities in cancer studies. Table 1 presents information about
tumor type, supplementary techniques employed, contact mode, mechanics model, tip radius, spring

constant and scan velocity.
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Fig. 1. AFM working principle.
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Table 1. Empirical studies on AFM in cancer research

Author Tumor type ST Mode CMM ™ SCN/m SV
Van der  Apoptosis, Necroptosis, Immunofluoresence imaging Contact Hertz Sum & 0.1 & 2um/s
Meeren et al and  Ferroptosis  in 30nm 0.06

(2020) Murine Cancer Cells

Silva et al Pancreatic cancer Two photon Fluorescence Contact Hertz 6nm 0.02&3 2um/s
(2022)

Curci et al Inflammatory Bowel ELISA Contact NR 10nm 0.6-2 1Hz
(2022) Disease

Chen et al Breastcancer bioluminescent imaging &  Contact Hertz- 25um 0.02 Sum/s
(2021) H&E staining Sneddon

Azzalini et al Ovarian cancer HE Stain Contact Hertz 20 3.5 NR
(2021)

Deliorman etal ~ Prostate cancer Immunostain Contact Hertz NR 0.01-2 4
(2022)

Raudenska et Prostate cancer qRT-PCR Contact Hertz- NR 1 30

al (2019) Sneddon

Alhalhooly et brain, breast, prostate, FM Contact Hertz NR 0.08 3um/s
al (2021) and pancreatic cancer

Chen et al Breastcancer Confocal microscropy Contact Hertz 2.6pum 0.02- 2um/s
(2021) 0.77

Tang et al Prostate cancer Confocal microscropy Contact Hertz NR 0.01 2um/s
(2022)

Zbiral et al Breast cancer Confocal microscropy Contact Hertz- 10nm 0.12 0.5-0.8Hz
(2021) Sneddon

Chen et al Ovarian cancer Confocal microscropy Contact Hertz NR 0.01 Sum/s
(2020)

Paul et al Colon cancer FT-IR, CD, RS Tapping Hertz default 0.03 0.5lines/s
(2020)

Zhu et al liver and lung cancer Cell viability assay Contact Hertz- 20nm 0.07 2um/s
(2021) Sneddon

Barai et al cancer cells NA Contact Hertz 10um 0.06 Sum/s
(2021)

Levillain et al breast, kidney, and H&E Stain Contact Hertz- NR 0.01- 2um/s
(2022) thyroid tumor Sneddon 0.03

Bras et al Colorectal cancer Immunostain Contact Hertz 75nm default 2Hz
(2022)

Contessoto et  Cervical cancer NA Contact Hertz NR 0.01 3pum/s
al (2021)

Kim et al murine mammary NA Contact Hertz 10um 0.05- Spum/s
(2019) carcinoma 0.08

Yurtsever et al  Osteosarcoma ELISA Contact Hertz- 7.2pum 0.126 15pum/s
(2021) Sneddon

Deptula et al  Colon cancer H&E Stain Contact Hertz 4.5um 0.4-0.6 1Hz
(2020)

NR — not reported; CMM — contact mechanics model; TM — tip measurement; SV — scan velocity; ST- supplementary

techniques; SC — spring constant
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2. AFM working principle

The AFM system is made up of a piezoelectric ceramic scanning [PCS] system, a micro-cantilever

equipped with a probe, a movement recognition system to detect the micro-cantilever, a feedback

mechanism to track micro-cantilever movement, as well as an automated image capture and analysis

system (Fig. 1).” By sensing an extremely frail interatomic connection between the specimen's surface

and the probe tip, AFM examines the surface architecture and characteristics of the sample.” The

anterior portion of the microcantilever, which is very sensitive to weak forces, whereas the cantilever's

other end is fixed and is housed in the probe, is pulled close to the sample.?® Once this is done, there is

a faint force involving the probe's tip and the atoms on the surface of the sample that may be either

attractive or repulsive. The microcantilever's distortion or its state of motion are both affected by the

strength of this force. The end user can receive surface structure knowledge with nanoscale resolution

by scanning the sample, which uses sensors to identify these modifications and gather force distribution

data.”) The X, Y, and Z axis of the AFM scanner are movable. Although the vertical Z direction's normal

range is only a few microns, the X and Y orientations' travel distances depend on the scanner. Rebuilding

the orientation of the PCS element in the Z-direction as well as the X-Y axis at the same moment allows

one to determine the structure of the region being scanned.” Hertz's theory uses a linear fitting approach

to calculate Young’s modulus measurement for samples like tissues and cells, with a smaller value

suggesting a specimen whose structure is more prone to deformation. The measured force between the

tip and the specimen is reflected in the force-distance curve (Fig. 2a & Fig. 2b) that AFM measures.

Force-time curves can also be employed to describe a substance's viscoelastic qualities in conjunction

with force-distance curves.® This involves determining how much a specimen deforms over a period

while being subjected to a constant load [creep response, Fig. 3a] or how much stress diminishes

through time while being subjected to a steady deformation [stress relaxation response, Fig. 3b).%!¥
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Fig. 2. Force-distance curve. a) approach (maroon) and retraction (green) of the AFM probe from the sample. The

tip is distant from the sample surface [1], in contact with the sample [2]. During retraction [3], adhesive events may

occur due to unspecific [4] or specific [5] interactions between the tip and the sample. b) The slope is fitted with a

linear fit 1) adhesion is measured as a single value and ii) refers to adhesion force.
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Fig. 3. a) force-time and b) displacement-time curves to characterize elastic or viscoelastic properties of the sample.

Force-time curves can be used to distinguish materials depending on their distinct viscoelastic

characteristics.
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Fig. 4. a) relationship between interatomic force and interval, b) contact mode AFM operation, ¢) noncontact mode

AFM operation, and d) tapping mode AFM operation.
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The attraction-repulsion interactions among atoms serve as the foundation for the AFM visualization
concept and mechanical characteristic detection.” If they are far enough apart from one another, the
atoms at the probe's tip and the ones above the surface of the material become susceptible to an attractive
attraction; whereas if they are close together, they are susceptible to a repulsive force (Fig. 4a). The
contact (Fig. 4b), tapping (Fig. 4c), and non-contact modes (Fig. 4d) are the three fundamental imaging
modalities of AFM.” During contact mode, the AFM probe retains a minimal amount of force and
adheres to the sample surface. By detecting the atomic affinity between the probe and the specimen in

non-contact mode, the surface profile of the specimen is generated.” The tapping mode enables the
probe's micro-cantilever to oscillate near the resonance pitch, where it intermittently comes in contact
with the specimen.” By adjusting the micro-cantilever's amplitude or deflection whenever the probe
adheres to the sample, the force between both probe and the specimen can be kept steady.> Especially
for the surface structure observations of biological specimens, tapping mode efficiently removes the
impact of the lateral force and minimizes the force induced by the adsorption level, leading to excellent
image resolution.”

It is anticipated that employing AFM to analyze individual cancer cells will have two benefits. One way
to diagnose cancer in its infancy is to look for alterations and variations in individual cells. By
distinguishing between cancerous and non-cancerous cells, tumors can be detected and treated
promptly.?” On the flip side, it makes it possible to investigate the composition and functioning of
cancer cells as well as the mechanisms that contribute to their growth and division, cell-to-cell
communication, and the impact of anti-cancer medications, among other things. The conclusions of
these investigations could help scientists find ways to stop the growth of cancer cells and create anti-
cancer medications.**3?

2.1. Contact mechanics model. To generate force-distance profiles and calculate the Young's modulus
of biological specimens, contact mechanics models based on Hertz (Equation 1) or Sneddon (Equation
2) are frequently utilized.® In contrast to the Sneddon model (spherical intenders), the Hertz model
generally addresses conical intenders.®

E 13

m R262 [1]

4
F(Hertz) = 3

F(Sneddon) = % tan(a) 82 [2]

E
(1-v?)
For blunted pyramidal tips, the Hertz-Sneddon model (Equation 3) is commonly utilized.

E tan(a)
(1-v¥) V2

[F — applied load; E — Young’s modulus; R — tip radius; v - Poisson’ ratio; d - indentation depth; and a

F(Hertz — Sneddon) = 8% [3]

— cone half angle]
Investigators have utilized the Hertz and Sneddon contact mechanic models to assess the rigidity of a
variety of tissue specimens, notably the developing cerebral cortex,*” pulmonary arteries,*> lung,’®

rodent heart and pancreas,®” and blood vessels.*® Even though they are widely used, they do have some
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shortcomings. The specimen must be isotropic, homogenous, elastic in nature, and not subject to
significant distortions to be subjected to a Hertzian assessment.’**? In reality, biological tissues
represent viscoelastic, heterogeneous, and anisotropic substances.*" Therefore, it is impossible to
reliably generate universal tissue biomechanical characteristics from just one regional assessment.
Rather, a mechanical atlas of the respective tissue must be created by taking numerous local
measurements across various sections of the complete tissue specimen.>*+#?) In addition, it ought to be
stressed that data gathering is limited to the specimen's surface, especially tissue specimens that are
only a few microns deep. This is because for indentation levels greater than 10% of the thickness of a
tissue, a Hertzian assessment is not appropriate. Additionally, it is preferable to determine a mean elastic
modulus since the elastic modulus at one location frequently fluctuates throughout the axis of
indentation.*'**» Therefore, if employing the Hertzian model to calculate the mean elastic modulus of
their specimens, investigators ought to disclose the working indentation depths in addition to limiting
the viscoelastic properties of their tissue specimens.*!*3)

2.2. Additional AFM imaging modes. Beyond the three primary modes (non-contact, tapping and
contact modes), there are a variety of hybrid modes in which there are several types of tip-sample
interactions. These include chemical force microscopy (CFM), AFM Infrared Spectroscopy (AFM-IR),
force modulation mode, and contact resonance (c-resonance) mode. The contact resonance mode is a
hybrid of the contact and the dynamic modes, in which the cantilever's resonance frequency is
stimulated while it remains in touch with the sample. Using the more sophisticated AFM-IR mode as
an example, this method combines an AFM with a laser source to characterize the material's
photothermal absorption.*> AFM-IR integrates non-contact Photo-induced Force Microscopy (PiFM)*®
and contact-mode Photo-thermal induced resonance (c-PTIR)*”. A modified form of PTIR, which can

) or tapping mode*”, employs a pulsed laser close to the cantilever's

be used in contact-resonance mode
resonance called resonance enhanced PTIR. In PiFM operation, the laser pulse frequency and the AFM
cantilever piezo resonance excitation frequency can operate at the first cantilever resonance or, in a
mode known as sideband bimodal detection mode, which is somewhat akin to multifrequency operation,
they can cause deflection oscillation at both the first and second resonance. Consequently, AFM-IR can
be considered as a sophisticated hybrid mode that combines dynamic and contact modes. One other
hybrid mode that is worth mentioning is chemical force microscopy. * Chemically active materials can
be used to functionalize the cantilever's tip. It is a hybrid imaging mode because of the variety of
interactions that might occur involving the tip and the sample. Similar methods, such as single-cell force
spectroscopy, single-molecule force spectroscopy (SMFS), and single-cell force spectroscopy (SCES),
have been used in biomedical applications to investigate interactions between cells or molecules. *°)

Surface potential is measured using a technique called Kelvin Probe Force Microscopy (KPFM). This
mode uses tapping mode to first make an imaging of the topography, then it uses the measured
topography to create an “interleaved" repeating scan to identify the surface potential and subtract
contribution from the topography. ** Both electrostatic force microscopy (EFM) and magnetic force

microscopy (MFM) can be used in non-contact mode to measure electrostatic or magnetic force rather
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than surface potential.* The cantilever tip can be used to improve the localized electromagnetic field
augmentation that contributes to increasing spatial resolution, in addition to its potential use for
measurement. The scattering-type Scanning Near-field Optical Microscopy (s-SNOM) mode can be
enabled by extracting a target signal with a vibration signature for spectroscopic purposes when paired
with cantilever resonance excitation. 49

To guarantee optimal imaging performance, it is crucial to choose the appropriate AFM modes of
operation. Since biological samples are frequently brittle and soft, the fundamental AFM contact mode
imaging technique may cause sample deformation by creating friction between the sample and the probe
tip as it scans. Since soft biomedical samples are more likely to be destroyed and result in severe
imaging aberrations, this is generally a more serious issue.’” For these kinds of applications, tapping
mode that includes sporadic contact between the probe tip and sample is recommended. Maintaining
the vitality of biomedical samples also requires careful control of the imaging environment. The native
setting for the samples in many AFM investigations is a buffered solution. One possible application for
the sample chamber that contains the fluid, sample, and cantilever probe is a fluid cell with liquid
circulation. Functions for temperature control, fluid circulation, and carbon dioxide concentration
adjustment may also be incorporated for more sensitive samples.>” Because of the medium's fluctuating
refraction index, optical beam deflection alignment can become more complex even in transparent
liquids. A tuning-fork based AFM can perform imaging in opaque liquid environments without the need
for transparency, but it has a very high stiffness that is not good for biological specimens.’® Coated
AFM probes with integrated active elements, like an electrothermal actuator and a piezoresistive
deflection sensor, have been created for imaging applications to reduce stiffness.’? The sample's optical
microscope image is frequently crucial for biological applications since it aids in identifying the area of
interest. AFM can be used in conjunction with fluorescent and confocal microscopy for advanced
applications to create correlative microscopy, which compares pictures taken by the two devices. To
achieve an improved fit with the optical images, it is noteworthy that a probe scan arrangement is
frequently utilized for AFM in this situation.

2.3. Specimen preparation. During AFM testing, it is necessary to maintain the mechanical
characteristics of the sample in addition to choosing an appropriate tip shape and contact mechanics’
model. However, the mechanical properties of a sample are impacted by a variety of tissue handling
and processing methods. To avoid tissues from migrating during data collection, for instance, they are
frequently immobilized with adhesive glue.>>® Chemicals from the glue may diffuse into the tissue,
affecting the specimen's mechanical characteristics even though there are techniques to prevent this.>?
Another method by which tissues forfeit their mechanical integrity is through cryosectioning and
chemical fixation. Chemical fixation is a popular technique that stops biochemical activities and cross-
links proteins to maintain the tissue microarchitecture.®® Fixatives like formaldehyde and
glutaraldehyde are used in this process.’*> Using a cryostat to cut the tissue into thin slices is a
technique known as cryosectioning.>® As it would be challenging to cut tissues to precise proportions

otherwise, this is desired.””

https://doi.org/10.26434/chemrxiv-2024-wwvbt ORCID: https://orcid.org/0000-0002-3594-7881 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-wwvbt
https://orcid.org/0000-0002-3594-7881
https://creativecommons.org/licenses/by-nc-nd/4.0/

But through the creation of ice crystals and cell death, the freezing process frequently results in tissue
damage and stiffness.’® These disadvantages mean that frozen and cryosectioned tissues are primarily
utilized for imaging as opposed to mechanical characterization.’>® A further challenge is noise
resulting from the cantilever tip's electrostatic interactions with the biological specimen and its
environment.’” Several strategies have been developed to get around some of these issues. In a recent
investigation, tiny slices of living brain tissue implanted in an agarose substrate were sliced by
researchers using a vibratome. Because the agarose is unable to penetrate the tissue, this technique
eliminates the requirement for chemical fixation, maintains the mechanical qualities of the tissue, and
lessens the possibility that the slice may sustain physical damage.’® The AFM was repurposed for in
vivo nanomechanical imaging and differentiation in rats.” In this study, the aorta intima is exposed for
simple cantilever tip accessibility using a three-component surgical base with a hollow dish.®” An
advantage of this approach is that it mechanically characterizes vasculature in their native in vivo state.
The resected tissue is occasionally kept in a suitable buffer or medium containing enzyme inhibitors
immobilized on a glass slide, and subsequently evaluated shortly thereafter in research involving human
cancer tissue biopsies.®!6?

The advent of the FluidFM has made it an especially helpful tool for applications in biomedical research
in liquid environments.® An external microfluidic system can be used to apply suction pressure for the
pick-and-place management of cells by employing a hollow cantilever containing an opening near the
tip. Researchers may alter biological samples at the nanoscopic level with the help of these manipulation
capabilities, which is far more accurate than using traditional needle-based micro-manipulation
methods. For research on cellular adhesive contacts®®, stress-dependent yeast cell mating®®, and
cellular detachment forces and energy, among other topics in cellular biophysics, this is an especially
useful capability. ®” Liquid can be precisely controlled and injected into or removed from the cell
through the cantilever tip orifice if the probe tip permeates through the membrane to form small pores
on the cell.®*7 In conjunction with optical and magnetic tweezers, fluidFM approaches have begun to

gain popularity as tools for cell manipulation.

3. AFM in cancer research

For discussion purposes, the empirical studies reviewed were classified into two primary categories:
Studies reviewed either focused on the performance or effect of anti-tumor drugs or studied the
mechanical properties of cancer cells.

3.1. AFM, morphology, mechanical properties, viscoelasticity, and cancer research. Aquaporins are
channels in the membrane that allow water and other minuscule, non-charged substances to move back
and forth between cell membranes.”>’® For maintaining the equilibrium of tissues, aquaporins are
essential. More specifically, it has been shown that the peroxiporin subgroup regulates cellular redox
balance and controls several physiological activities, including cell movement and growth. The

emergence of oxidative illnesses associated with stress, such as cancer, is influenced by peroxiporin

10
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dysregulation, which disrupts the delicately regulated redox equilibrium.”

Pancreatic ductal adenocarcinoma [PDA] is the most prevalent and fatal type of pancreatic cancer

[PDA] while also being one of the most severe gastrointestinal cancers. Pancreatic cancer [PC] is the

seventh most prevalent cancer globally and is the third-most common cause of mortality via oncologic

causes in men and women in the European Union.” Following a dysfunctional approach on BxPC-3
cells, Silva et al. (2022) assessed the roles of AQP3 and AQPS in a cell's biomechanical characteristics,
adhesion between cells, and cell mobility.”® In PDA, AQP3 and AQP5 have elevated levels and are

important for cell movement, growth, and motility.”® Compared to control cells, the investigators

discovered substantial morphological variations caused by AQPS5 silencing, including a decline in cell

area and volume, an upsurge in cell length, and an elevated level of surface abrasion.”® Contrarily,

AQP3 suppression appeared to affect only the volume of cells. Cells with AQPS5 silenced proved to be

softer than cells used as controls, whereas cells with solely silenced AQP3 showed no discernible

changes.”® As a matter of fact, the viscoelastic and morphological alterations demonstrated through the

study depended heavily on AQP5 and were nearly devoid of AQP3, showing that AQPS is crucial in

regulating these cell features.”®

Additionally, adhesion between cells was evaluated by AFM. Silencing of AQP3 and/or AQP5 was

correlated with poor adhesion among cells, implying that AQPs are involved in cancer metastasis.”®

Unexpectedly, in contrast to the initial phases of PDAC, AQP5 activity is essentially imperceptible in

the later phases, supporting the findings and emphasizing the role of AQPS5 in tumor malignancy. The

critical role of AQP3 and AQPS5 in the biophysical features of cell membranes is highlighted by these

results, which may have implications for the environments in which tumors form.”®

The most prevalent type of ovarian cancer and the leading factor in ovarian cancer-related mortality

globally is high grade serous ovarian carcinoma [HGSOC].”” Morphological evaluation continues to

serve as the primary screening method despite the adoption of homologous recombination deficiency

screening in the clinical environment.”®3% Since histological characteristics are believed to have

predictive power in numerous reports, histological evaluation of H&E tissue slices under an optical

microscope continues to be the primary and most helpful source of knowledge for pathologists due to

the absence of viable molecular targets.’!*® Azzalini et al. (2021) examined the biomechanical

attributes of HGSOCs growth patterns directly on conventional H&E tissue slices to investigate the

diagnostic capacity of AFM and its prospective application in ovarian cancer pathology.®
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The researchers identified a relationship concerning tumor rigidity and morphology by characterizing
nanomechanically five distinct HGSOC morphological variations.® Particularly, HGSOCs with
micropapillary-like architecture exhibited comparatively low average rigidity levels, whereas HGSOCs
with solid characteristics exhibited the highest average rigidity values and were therefore more
comparable to healthy tissues (Fig. 5a and 5b).®¥ There has been a general consensus that cells with
reduced rigidity have a better propensity for invasion than cells that possess greater rigidity.®*?
Findings demonstrated that the micropapillary-like structure, which has undoubtedly the smallest
Young's modulus relative to all other structures, might correspond to a specific invasive component in
the broad range of HGSOCs.*® Findings indicated that individuals with stage III cancer had
considerably firmer tumors than those with stage IV cancer, indicating a general trend among all
HGSOCs forms to become less rigid and more aggressive as the illness worsens.? Although the study
only examined specimens with distinct morphological forms to measure tissue rigidity, multiple
HGSOC forms sometimes appear in a single specimen.®® Consequently, additional investigations are
required in specimens with numerous morphologies to confirm whether distinct biomechanical

characteristics can be distinguished and aid in diagnosis. %
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Fig. 5a. Representative optical microscope images of HGSOC patterns (A-E) and healthy peritoneal tissue (F).
HGSOC patterns: micropapillary-like (A); endometrioid-like (B); papillary (C); solid (D); transitional-like (E);

and healthy peritoneal fibrous tissue (F). Reproduced with permission from [Ref 57 ] @ ELSEVIER
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Fig. 5b. Representative curves of AFM force vs distance (A) and vs sample indentation (B) for the HSOGC

patterns and healthy peritoneal tissue. In B dots show experimental force curves, and dashed lines are the

curves fitted by the applied Hertz model. Reproduced with permission from [Ref 57] @ ELSEVIER
The second most fatal type of tumor for male patients, following lung cancer, is prostate cancer [PC], a
frequent tumor of the male urinary system.%*%% Because of the development of distant metastases, the
majority of those diagnosed with extremely susceptible PC experience an unfavorable outcome as well
as clinical treatment failure.”*) Tumor metastasis is mediated by a variety of causes. The extracellular
matrix (ECM) happens to be one of them that is most strongly linked to tumor spread. Mechanical
indicators like substrate rigidity, hydrostatic pressure, shear stresses, tension, and pressure are included
in the ECM, which offers cells a favorable mechanical microenvironment.””*¥ Such mechanical
elements are crucial in controlling both the growth of illness and routine cellular functions. It is
unknown, nevertheless, how mechanical characteristics control how cells react to the ECM.
Tang et al. (2022) used polyacrylamide hydrogel platforms®7 to replicate the rigidity found in healthy
and prostate tumor tissues by creating them with varying rigidity levels.’® By varying the substrate's
rigidity, confocal microscopy, AFM, and other methods were utilized to examine how
the viscoelastic characteristics of the cells changed throughout cell migration (Fig. 6).°® To improve
PC-3 cells' capability to migrate across rigid substrates, the F-actin cytoskeleton was grouped into
bundles, increasing its elasticity while decreasing the viscosity of the cells.”® In addition, the findings
of the myosin-binding protein antagonist treatment revealed that variations in the arrangement of the F-
actin cytoskeleton might have contributed to modifications in the mechanical characteristics of PC cells'
reaction to the ECM.7'®® The presented research might present a novel strategy for exploring the
migration process of PC tumor cells in addition to the cytoskeleton-mediated movement of PC cells,
which can be beneficial to cancer therapeutic drug evaluation and advancement.”® This is because
mechanical characteristics determined at the nanoscale may serve as a marker of cancer cell
movement.’®
The second-most deadly and third-most prevalent malignancy in the world today is colorectal cancer

[CRC].>1% Insufficient cell transportation from the crypt, which is dependent on the APC protein,
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contributes to the formation of CRC by causing a buildup of cells in the expanded zone of the intestinal
crypt. By aggregating genetic changes, the quantity of these cells might exponentially rise, leading to
the development of cancer.!®” To comprehend their involvement in the activation of oncogenes and
tumor-suppressor gene suppression, several biochemical processes have been studied. Despite the
growth of biochemistry studies, there remains more to be understood about the biophysical signals that
activate the signaling networks important for mechanotransduction and cellular change. The
understanding of these basic systems may aid in inhibiting oncogenic processes and the discovery of

indicators that might be utilized to create more individualized therapy approaches.!?>!1%%
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Fig. 6. Morphological analysis showed different characteristics in different stiffness. (a) Phase-contrast
microscopy imaging of PZ-HPV-7 and PC-3 cells on substrates with different stiffness, scale bar = 10 pm.
(b) Quantitative statistical graph of cell polarity index (length/width). (c) Atomic force microscopy imaging
of HPV-PZ-7 and PC-3 cells on substrates with different stiffness. From left to right, the edge-enhanced
images of cells are displayed, including two-dimensional and three-dimensional imaging and cell contour
maps. (d) Quantitative statistics of the average surface roughness (Ra). (¢) Quantification plot of cell height;

“ns” means no difference, ** P <0.01, *** P<0.001. Reproduced with permission from [Ref 71] @ Beilstein
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Bras et al. (2022) used static and dynamic AFM to examine the mechanical features of cells with CRC
(HCT116, HCT15, and SW620).1Y The dynamic method enables the measurement of pliability,
viscosity, and mobility, while the static technique measures Young's modulus.'® The outcomes of
confocal microscopy and migratory cell assays were correlated with the AFM results.!® SW620
metastatic cells had the highest Young's and storage moduli, a distinct cortical actin band with dispersed
F-actin strands, little vinculin expression, lots of focal adhesions [FAK], and negligible filopodia
growth, which could account for the reduced migratory tendency.'® HCT15 cells, in comparison,
displayed lesser Young's and storage moduli, greater concentrations of cortical tubulin, reduced amounts
of cortical F-actin and FAK, as well as greater filopodia production, which is likely what contributed to
their increased migratory tendency.!® The strongest migratory behavior may be explained by HCT116
cells, which had Young's and storage moduli values that were comparable to those of the remaining cell
lines, significant cortical F-actin expression, moderate levels of FAK, and profuse filopodia
production. %

Modifications in the mechanical characteristics and makeup of TME are directly correlated with the
advancement of cancer.!® The interaction of the various TME elements causes a desmoplastic reaction
that occurs in numerous solid tumors, notably pancreatic cancer, which is primarily brought on by
excessive production of collagen.!® Desmoplasia causes the tumor to harden, creates a significant
obstacle to efficient drug administration, and is frequently linked to a bad prognosis.'® The discovery
of innovative biomarkers for diagnosis and prediction can result from better knowledge of the
underlying causes of desmoplasia and the determination of nanomechanical and collagen-based
characteristics that define the condition of a specific tumor.!%

In a recent work, Stylianou et al. (2023) described the distinctive nanomechanical characteristics of
pancreatic tumors at different phases of advancement and normal pancreatic tissue.'® The elastic
organization of regular pancreatic tissue possesses just a single peak, while pancreatic tumors exhibit
unique lesser elasticity peaks and more elastic peaks, which correspond to tumor cell softening and
desmoplasia, respectively.!®® As expected, Young's modulus escalates as the cancer advances. In
addition, the researchers demonstrate that the elevated elastic values are a result of evaluations taken in
collagen-rich regions of the tissue using AFM in conjunction with CFM of picrosirius red-stained
tissues. The prospect of creating new mechanobiomarkers is now open because of these studies.!*®
3.2. AFM, drugs, and cancer research. Alterations within the cytoskeletal design and subsequent
alterations in cell rigidity, cell dry mass, and mobility might constitute significant supplementary
consequences of numerous cytostatic medications because cellular bio-mechanical features, such as cell
rigidity, are crucial for cell mobility.!"””? Raudenska et al. (2019) utilized AFM, quantitative
visualization, and experiments to examine the effects of two commonly used chemotherapeutic
medications, docetaxel, and cisplatin, upon an array of prostate cell lines with cancer.'®®

Docetaxel is produced from Taxus baccata needles. Docetaxel's main method of operation involves
promoting and stabilizing microtubulin assembly, which obstructs microtubule activity.!® Suppression

of cell growth, cell cycle arrest, and obstruction of mitotic proliferation are all consequences.!'*”
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Additionally, several studies suggest that cisplatin could influence the cytoskeleton in addition to DNA,
which is the sole focus of the cell for this drug.!'®!') These supplementary relationships might
strengthen the inhibitory effect on proliferation and help cisplatin's cancer resistance effects, such as
prevention of proliferation and movement.!®® In addition, zinc (I) ions, which are important for the
cellular metabolism of the prostate gland and support an array of biological functions like apoptosis,
the transmission of signals, and cell invasiveness,'?!'4 were tested for their impact on the biomechanical
attributes of cells from prostate cancer. The investigation also examined whether or not the CAV1 gene,
which is now believed to be related to cell stiffness via the modulation of actin remodeling and focal

adhesions, affects the biomechanical characteristics of prostate cells with cancer.!!>!1®
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Fig. 7. Cell stifness, cell dry mass and CAV1 expression of untreated prostate cancer cell lines. (a) Cell
stifness maps determined by indentation (Young’s modulus) of prostatic cells (frst row) and cell height
(displayed as Setpoint Height, second row). (b) Profle of Setpoint Height/Young’s modulus of red/blue
lines shown in A together with pixel Pearson correlation values. (c) Cell dry mass. (d) Profle of cell dry
mass in the corresponding cutting point (white line). (e) Hertz model fiting to a force curve obtained on
PC-3 cells. (f) Values of Young’s modulus, Cell dry mass, CAV1 gene expression for prostatic cells.
Statistical signifcance shown for Young’s modulus only. (g) Setpoint Height of cells. Signifcance between
metastatic and nonmetastatic cells highlighted. Calibration bars for A and C represent 25 um. Error bars

denote standard errors. Reproduced with permission from [Ref 80] @ Nature
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The features of tumor-transformed cells differ greatly from those of normal tissue-connected cells.
Biomechanical parameters such as adhesion between cells and mechanical stiffness showed significant
visible differences.!'”12° As a result, research on cell stiffness has revealed that malignant cells are
typically less rigid than their healthier counterparts.'?!123 According to the study's findings, cancer cells
obtained from the primary tumor region (22Rv1 cells) appeared significantly safer than cancer cells
obtained from healthy PNT1A cells [prostatic tissue], but this did not prove the case for the cell types
used to treat metastatic cancer [LNCaP and PC-3].'%® The findings also point to a potential involvement
of CAV1 in the overall stiffness of prostate tumor cells and a favorable relationship between cell
stiffness and dry mass in both treated and untreated cells.!®® The study’s findings demonstrate that the
cytoskeleton is crucial in the modification of cancer cells' biomechanical properties since docetaxel
therapy, which stabilizes microtubules and inhibits their movements, significantly increases the cell's
stiffness (Fig. 7).!'% This observation is well-supported by additional studies.!**'*> Additionally,
cisplatin therapy significantly increased the prostate cancer cells' cellular stiffness. In all studied cell
types, a significant reduction in cell movement, spread, and colony formation was seen in cells that had

endured the docetaxel and cisplatin therapies.'®

Physical forces can regulate cellular activity in eukaryotic cells via the cytoskeleton polymers.!26:127
The ultimate mechanical functions, including cell mobility and segmentation, are affected by
cytoskeletal dynamics.!'?*!12% Its malfunction could lead to cellular death, instability of the chromosome,
making it a frequent and desirable target for therapeutic development.'*? A strong technique for imaging
with high resolution and mechanical characterization of single-cell research in approximately
physiological settings. It can identify a range of forces between pico and nanoNewtons.'3!*» The AFM
approach offers a substitute for assessing drug-cell relations and can assist in understanding how
medications influence how cells function.!?13D

It has been empirically shown that the natural chemical piperlongumine [PL], which originates from
pepper species, exhibits anti-cancer effects on HeLa cells. In reaction to the existence of PL, Contessoto
et al. (2021) mechanically characterized HelLa cells. Utilizing AFM and single-cell manipulation,
evaluations were carried out on HeLa cells under various conditions during PL therapy and the
associated controls.!*” The findings demonstrated that the step force "SF" is dependent on the drug's
duration of action period; PL begins to affect HeLa cells within the initial six hours of therapy.'3®
Furthermore, SF is susceptible to chemical concentration; HeLa cell tests using 5 to 10 uM of PL therapy
show a rise in SF, with a fluctuation of about 10 pN. SF is susceptible to changes in the cytoskeleton in
addition to action time and concentration.'3® Irrespective of substrate rigidity, HeLa cells in the presence
of 10 M of the PL enhance the tethering force in comparison to the control. Such an SF increase shows
the possibility that HeLa cells' microtubules are the target of PL action.!*¥

Crohn's disease and ulcerative colitis are two examples of inflammatory bowel diseases "IBD", which
are complex gastrointestinal disorders. Extended therapy with medications and possibly surgical
treatments is required for individuals with IBD.!*¥ The therapeutic environment for IFD has been

substantially altered by the introduction of infliximab. Nevertheless, despite its demonstrated
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effectiveness in inducing and maintaining clinical recuperation, mounting data points to a possible link

between unsuccessful therapy and insufficient medication plasma concentrations.!*> While ELISA
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Fig. 8. a) an example of DNA nanostructures characterization by AFM topography: different DNA
patches profiles with different height taken from AFM images (red line: ssDNA; green line: TNF-cF9
conjugate; blue line: infliximab (IFX) 20 nM); (B) the calibration line obtained in healthy donor sera
spiked with IFX at different concentrations. Reproduced with permission from [Ref 110] @ MDPI

assays continue to serve as the test of choice for therapeutic drug monitoring, or "TDM," in clinical
settings,**!13¥ they can be costly, particularly when handling a small number of specimens. During the
rapid assessment of medicines for TDM, the implementation of biological sensors built on several
nanostructured substances has been proposed.

For determining the concentration of infliximab in specimens containing serum from healthy
individuals and young individuals with IFD, Curci et al. (2022) employed an AFM-based nano
assay.''?13) The experiment determined the height signal fluctuation of a gold surface that was

nanostructured and covered in a self-assembled single layer of alkanethiols.'* A DNA-coupled
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malignant necrosis agent that could recognize the medication was encased within the
monolayer.*” The technique was first adjusted by evaluating established infliximab amounts in buffer,
then proceeded to test young individuals with IBD after stimulating the same amounts of infliximab
into the serum of healthy volunteers (Fig. 8). The prospective application of the AFM nano assay in
TDM was demonstrated by the strong association between height fluctuation and drug concentration in

the buffer medium across healthy and young IBD patients. *¥

Several tumors, including breast cancer and some sarcomas, become more rigid once they spread into
healthy tissue, whereas the cancerous cells themselves become softer. The proper distribution of
medications is significantly hampered by tumor rigidity, which also hinders the effectiveness of
therapies.'*” The regulation of a tumor's mechanical characteristics by focusing on the tumor
microenvironment's "TME" components improves the transport of chemotherapy drugs and, as a result,
the therapeutic result. Therefore, there exists an immediate demand for the creation of biomarkers that
can quantify the mechanical properties of a specific cancer to establish tailored therapies or to track
therapeutic approaches that focus on the TME.!4?

To combat fibrosarcoma and breast cancer in animal models, Stylianou et al. (2022) discovered that
coupling tranilast with doxorubicin considerably lowers the Young's modulus and substantially
improves chemotherapy efficiency.!*® Most significantly, tranilast can lessen tumor rigidity by lowering
the concentrations of extracellular substances, including collagen and hyaluronan.'*” As a result, during
the duration of clinical treatment, AFM can establish mechano-biomarkers that change along with

changes in the tumor's mechanical properties.

4. High speed AFM imaging

Enhancing the speed of AFM imaging has long been a subject of research in the field. The probe-sample
contact is used in the AFM scanning process to record a single pixel at a time. The creation of even a
single image using conventional AFM imaging takes many minutes. However, biological processes can
happen in milliseconds, necessitating higher frame rates for imaging. A skeletal myosin II power stroke,
for instance, occurs within milliseconds, necessitating high-speed AFM (HSAFM).!4D

The engineering difficulty of designing a HSAFM is substantial and necessitates the modification of
numerous subsystems. Miniaturized cantilever probes that are nanofabricated have been created.4*14
The cantilever responds to changes in the sample topography more quickly when its resonance
frequency is high. The cantilever's stiffness (k) to mass (m) ratio is directly related to the square root of
its first resonance frequency, w. The cantilever's size should be decreased since it should maintain a
small degree of rigidity to protect the delicate biological sample. It is also necessary to modify the
deflection sensors for the shrunken probe, such as the optical beam deflection system's smaller laser
spot.

Although ideal, high-speed imaging with a large scan area can be difficult, particularly for soft samples.
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Small scan regions are usually employed in high-speed imaging because such samples require a minimal
tip-sample contact force. Thankfully, it is possible to track the motion of microscopic target particles
when the frame rate is high enough to outpace the rate of a dynamic process that needs to be
photographed.!*¥ For correlative examinations of biological samples, the HSAFM technique can also
be used with other techniques such near-field fluorescence microscopy.'*®

It remains difficult to image the mechanics of live cells at high speeds with AFM, even after small
cantilevers'¥"1* and HSAFM were developed.'>*!%> This is because most modern HSAFM setups lack
the tools necessary for mechanical measurements, have a small scan range, and cannot do simultaneous
optical microscopy. They also often lack environmental control.

In a recent study, HSAFM is used in conjunction with fluorescence and optical phase-contrast

microscopy.'*® With the use of tiny cantilevers, the system makes it possible to photograph living cells
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Fig. 9. Mapping of viscoelastic material properties of live WM938 cells in different cell cycle phases.
a—d) Phase-contrast overlaid with fluorescence from optical microscopy, topography, modulus
scaling parameter GO, and fluidity § from FCFM for cells in a) early G1 (colorless nuclei), b) late
G1 (red), ¢) G1/S (orange), and d) S/G2/M (green) phase. Scale bars 20 um, pixel resolution 50 x
50, trigger force 1.3 nN, ramp size 2.5 um, approach velocity 50 pym s—1 , image rate 4.2 min per
frame. Topography images show the “true” (zero-force) height that was calculated from the contact

point of the force curves. [Ref 156] @ Wiley
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in typical cell culture dishes while controlling the CO2 and temperature.'>® Fast force mapping is
carried out on living human platelets to showcase the setup's potential. Additionally, live cancer cells'
optical phase-contrast and actin fluorescence images, as well as HSAFM images, are recorded
simultaneously. Two cutting-edge AFM modes—force clamp force mapping [FCFM], and resonance
compensating chirp mode [RCCM] for imaging viscoelastic sample properties are also compared.!’®
Additionally, the researchers assessed the cell volume, shape, and viscoelastic material properties of
live cells as a function of their cell cycle status using a fluorescent cell cycle sensor equipped with
melanoma cancer cell line. Across the cell cycle (G1 through the G1/S to the S/G2/M phases), the
researchers were able to show that cell volume, area, and stiffness rise while fluidity decreases (Fig.
9).1% Findings suggest that when combined with optical microscopy, HSAFM with a wide scan range

can offer fresh perspectives on cell mechanics in scenarios that are important to pathology or

physiology.!>®

5. Hybrid AFM techniques

For many cancer patients, the cause of mortality is distal metastases. It follows that an understanding
of the distinctions between primary and metastatic cancer cells is essential for both cancer diagnosis
and treatment. Raman spectroscopy has demonstrated the ability to effectively discriminate between
malignant and non-cancerous tissues, as well as between primary and metastatic cancer cells.!>” One
of the most significant advantages of Raman spectroscopy over AFM is its ability to determine a
substance's chemical makeup.'*® The application of AFM can be expanded by combining it with Raman
spectroscopy [133]"% to simultaneously assess the chemical composition of the substance and the
amount of material present on the cell surface. The following recent studies have consistently
demonstrated the advantage of combining AFM and Raman spectroscopy.

To create antiangiogenic medicines for use in clinical practice, it is essential to comprehend biological
predictive markers and angiogenesis mechanisms. The biochemical makeup and mechanical
topography around blood arteries in the tumor mass of human breast tissue were investigated by Kopec
et al. (2018).1%0 Because of their great spectral and spatial resolution, as well as their sensitivity to
minute chemical, structural, and topographical changes, integrated micro-Raman and AFM imaging are
effective techniques for studying human tissue.'®® The Raman spectra offers information on the
collagen network, namely the determination of type III collagen fibrils, which is not readily accessible
through other methods of imaging. The benefit of Raman spectroscopy is its ability to detect type III
collagen fibrils that do not exhibit PAS staining and have a high percentage of carbohydrate
polymers.'®® The findings showed that breast cancer-specific biochemical and mechanical changes in
the tumor mass surrounding blood vessels in both malignant and healthy human breast tissues could be
simultaneously identified using Raman imaging and AFM. High-resolution Raman and AFM maps

demonstrate that changes in the biochemical makeup of the tumor microenvironment, which is made
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up of both cellular and non-cellular compartments, are the cause of matrix stiffening during the
evolution of tumors.'*? Significant changes in the chemical composition and structural architecture
around the blood vessel, together with a notable expansion in the collagen-fibroblast-glycocalyx
network, are suggested by the results. Raman-based techniques can be used to readily monitor the
increased lactic acid and glycogen activities of cancer tissue in oncogenically altered cells.'*”

AFM imaging, which maps the chemical distribution of constituents, cell stiffness, and adhesion, in
conjunction with Raman microscopy imaging, has been shown to be an exciting substitute for
quantitative assessments of metabolic dysfunction in living cancer cells.'®”? Raman imaging in
conjunction with AFM and fluorescence microscopy was used to provide biochemical mapping and
nanomechanical properties (topography, stiffness, and adhesion) of the human breast and brain for
normal and cancerous tissues as well as the cell culture line U87 MG of glioblastoma.'*" Thorough
examination of in situ breast ductal carcinoma, astrocytoma brain tissues, and glioblastoma U887 MG
cells revealed that Raman scattering produces images with the same level of accuracy as the
histopathology hematoxylin and eosin stain utilized in clinical settings, plus the added benefit of
biochemical information. Correlating the mechanical characteristics of cells with their biochemical
makeup is possible through the integration of AFM maps and Raman images.'¢V

Biologically active substances known as statins function as HMG-CoA reductase inhibitors, which
inhibit the enzyme that catalyzes the conversion of 3-hydroxy-3-methyl-glutaryl-CoA [HMG-CoA] to
mevalonic acid. Statins reduce systemic cholesterol concentrations by inhibiting the manufacture of
endogenous cholesterol through their action on this enzyme.!®? However, research conducted both in
vivo and in vitro has confirmed that statins have cytotoxic and cytostatic effects on a variety of cancer
cell types, including colon cancer. In a recent study, the effects of mevastatin on CaCo-2 malignant
colon cells are examined using Raman spectroscopy and imaging, and their biochemistry is contrasted
with that of CCD-18Co normal colon cells.!®® Mevastatin's impact on the biochemical makeup of
cancerous human colon cells has been proven through analysis of the vibrational characteristics of three
types of colon cells: normal cells (CCD-18Co), cancerous cells (CaCo-2), and cancerous cells (CaCo-
2 treated with varying doses and incubation periods).'®> The nanomechanical characteristics of healthy
CCD-18Co and malignant CaCo-2 human colon cells were characterized using AFM both with and
without mevastatin treatment. The examination of force-distance curves revealed that malignant cells
have a lower Young's modulus value than healthy cells. Young's modulus increased by almost 80% upon
the addition of mevastatin, indicating that mevastatin affects the arrangement of the cellular
cytoskeleton. The idea of using nanomechanical parameters to track changes typical for tumor
development and anti-tumor treatment is justified by the application of AFM to describe elastic
properties of normal and malignant cell lines.!s?

To investigate the mechanical characteristics of individual cancer cells, AFM can be used in conjunction
with a confocal laser scanning microscope (CLSM).!® Indentation points and imaging of subcellular
components are intimately correlated when AFM and CLSM are used together.!®® Alpha-enolase

(ENO1) is a multifunctional protein that has two functions: it is a fibrinogen receptor that stimulates
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the spread of cancer and one of the enzymes engaged in glycolysis.'®>!®® The use of AFM and CLSM
in tandem demonstrated that ENO1 gene suppression coarsened the cellular morphology of pancreatic
cancer, impairing the adhesion between the cancer cells and the stroma, ultimately leading to the

invasion and metastasis of the cancer cells.!®”

5. Conclusion and Future Outlook

Variations in the mechanical characteristics of tissues and cells during stages of cancer progression may
offer significant insights for facilitating the development of innovative treatment approaches along with
improving the identification and classification of different types of cancer. AFM has gained popularity
as a means of assessing cell and tissue mechanics because of its capacity to examine biological materials
under physiologically realistic circumstances.!®®1%” Numerous studies are currently using AFM to
produce nanomechanical signatures of different malignant and non-malignant tissues, realizing the
significance of whole-tissue mechanics in the evolution of cancer (Table 1). The creation of Young's
modulus maps of tissue samples using the Hertzian, Sneddon, or a comparable contact mechanics model
forms the basis for the majority of the nanomechanical fingerprints discussed in this paper.
Consequently, it is now recognized that a variety of tumor and tumor-bearing tissues have a unique
mechanical fingerprint in comparison to healthy tissue. AFM has grown in popularity as a method for
assessing cell and tissue mechanics,!” evolving from its earliest visualization techniques (contact and
tapping modes) and force curve-based mechanical assessment methods to contemporary rapid imaging
techniques such as fast-scan mode'’? and high-resolution mechanical assessment using peak force
mode.!”>!”® Many studies have already begun to employ AFM to establish nanomechanical fingerprints
of different cancerous and non-malignant tissues due to its capacity to analyze biological specimens in
physiologically appropriate settings. The majority of the nanomechanical fingerprints discussed in this
overview are primarily based on the construction of tissue specimens with Young's modulus correlates
utilizing the Hertzian or Hertz-Sneddon contact mechanics model. Before the use of AFM technology
is capable of being effectively implemented in the real world, there remain a lot of challenges that need
to be addressed.

Another necessity is the uniformity of AFM measurements. When AFM is utilized for assessing a cell's
mechanical characteristics, the Young's modulus serves as a parameter that is frequently calculated.
However, this parameter depends on the experimental scenarios,'’*!”” equipment settings,!”® cell
state,!” data evaluation,'®® and so forth. It is challenging for scholars to uphold similar experimental
settings, and outcomes from numerous experiments are only comparable if the circumstances are
completely consistent.

A biological material's mechanical integrity is not just determined based on its elastic characteristics.
In fact, scientists are just starting to look at the significance of viscous forces when handling tissue
samples. By considering such viscous forces, researchers can find new biomarkers and create a more

thorough mechanical characterization of cancerous tissue. Only a couple of the papers that were

23

https://doi.org/10.26434/chemrxiv-2024-wwvbt ORCID: https://orcid.org/0000-0002-3594-7881 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-wwvbt
https://orcid.org/0000-0002-3594-7881
https://creativecommons.org/licenses/by-nc-nd/4.0/

analyzed looked at the viscoelastic qualities of cancer cells. Consequently, for optimal screening and
therapy in healthcare facilities, future research should concentrate on describing the viscoelastic
properties of tissues. This will help us better comprehend the mechanopathology of tumor tissues.
Hence, the methodology for measurement as well as specimen preparation must be regulated to be able
to render the assessment outcomes from different study teams consistent.

AFM's responsiveness and stability at different temperatures currently place constraints on how
accurately it can describe biological systems. The recently developed ultra-stable AFM can offer sub-
pico force accuracy while offering great stability with very little lateral drift.'8!"182 AFM technique will
become more crucial to cancer studies and diagnostics as it is continuously developed and improved.
Clinical research may find the automated process of AFM analysis of information to be of great value.
Yet, there isn't a standardized method for using this approach to investigate tissue samples.'®> While
thinking about clinical transformation, attempts must be made to regulate the utilization of AFM to
produce reproducible and precise findings.'®® This involves employing the same tip characteristics,
becoming in tune with specimen handling and treatment, implementing consistent operating variables
across different specimens, implementing appropriate simulations for mechanical evaluation, and
contrasting outcomes with other conventional material analysis methods for verification. 8%

The most challenging component of the evaluation is figuring out how much each element corresponds
to the mechanical characteristics of tumor tissue. Additionally, tumor tissue has a greater level of
heterogeneity, with variations appearing in both the same tissue and in several tumor tissues.!23(183)
Because of this, it is necessary to separate distinct parts of the tissue for contrast detection because
tumor tissues in various areas may have varied mechanical attributes. As a result, it is necessary to
regulate the handling of samples and AFM evaluations as well as identify the relative values that
distinguish cancer cells from healthy cells.

It is necessary to enhance both the temporal resolution and the efficiency of utilization. Currently, AFM
cell measurement is mostly carried out manually. This includes offline evaluation of experimental data,
manually selecting parameters to create cell force curves, and manually guiding the probes to target
cells. As a result, the experimental efficiency is relatively low, and measuring a cell takes several
minutes.'®® Specifically, measuring a large number of cells is required to generate statistically
meaningful conclusions. This leads to a high burden and restricts the real-world use of AFM at the
single cell level. As a result, increasing AFM's automation level will contribute to increasing
measurement efficiency. Furthermore, the cell's response time to the environment is roughly 1 ms,
which is a lot faster than the mechanical mapping time of AFM, which is roughly 10 min.'® As a result,
it is challenging to track changes in a cell's mechanical characteristics in real time. Despite being
commercialized,'®® HS-AFM is appropriate for imaging flat and rigid small-size samples, like
molecules bound to a substrate.'®” Moreover, real-time studies examining modifications to the
fluctuating mechanical characteristics of cells'®®!13% will benefit from accelerating the pace of AFM
detection. Imaging of the cells of mammals is another application for high-speed AFM.!*” Compared

to the time it takes for cells to respond to external stimuli, the imaging duration is often much longer (~
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55).1%0

As advanced computational methods gradually acquire popularity in AFM research, data processing
errors might become less common and data analysis times might be shortened. Interestingly, to interpret
AFM nanoindentation data more correctly, machine learning techniques'!'*¥ and finite and inverse
finite element models'®>'*” have been developed and subsequently put into practice. For instance,
automated neural network analysis that assesses force—distance curves allowed to distinguish between
cancerous and healthy tissues.!*® In healthcare settings, the computerization of AFM data evaluation
might prove to be highly beneficial. Nevertheless, there isn't a standardized method for using this
technique to investigate tissue specimens. Before thinking about clinical translation, efforts should be
made to harmonize the utilization of AFM to get reproducible and accurate results. Using the same tip
properties, handling, and treating samples consistently, applying suitable models for mechanical
characterization, applying the same operating parameters across specimens (e.g., indentation depth,
indentation rates, scanning area, force), and verifying results by comparing them with other traditional
material characterization techniques are some examples of this.!”® Optimization trials may be required
to determine the optimal settings for a given sample type, as these factors may differ amongst different
types of samples. The foundation for determining the best practices for the AFM-based substance and
biomechanical assessment of malignant tissues is laid by studies like the ones included in this review.
Furthermore, since generalized methods are not constrained by the same limitations as the Hertzian and
Sneddon models, they would be more appropriate for a precise and consistent mechanical
characterization of tissue samples. Examples of these approaches include those reported in.!9%2%0

The electromagnetic spectrum, which includes information on material properties, cannot be directly
sensed by AFM in its natural state (such as light color). Color can be understood as the sample material's
absorption/reflection spectrum over a broad wavelength range at the microscopic level.*> Since such a
spectrum is not naturally available in a traditional AFM setup, two electromagnetic wave emission and
detection sources are usually needed for the measurement of such spectrum. As a result, meeting the
demanding requirements in biomedical research with traditional AFMs in their most basic form is
difficult.* Thanks to appropriate AFM system modification and technique combination, the AFM
technology has fortunately developed quickly to acquire novel possibilities and overcome current
constraints based on experimental needs.*

Considering the results of the empirical studies reviewed, AFM has the potential to be an effective
technique in cancer studies with clinically feasible applications, such as the discovery and confirmation

of clinical biomarkers.
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