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Atomic force microscopy for revealing micro/nanoscale
mechanics in tumor metastasis: from single cells to

microenvironmental cues

Mi Li"*3, Ning Xi*, Yue-chao Wang'*? and Lian-ging Liu'?*?

Mechanics are intrinsic properties which appears throughout the formation, development, and aging processes of biological
systems. Mechanics have been shown to play important roles in regulating the development and metastasis of tumors, and
understanding tumor mechanics has emerged as a promising way to reveal the underlying mechanisms guiding tumor behaviors.
In particular, tumors are highly complex diseases associated with multifaceted factors, including alterations in cancerous cells,
tissues, and organs as well as microenvironmental cues, indicating that investigating tumor mechanics on multiple levels is
significantly helpful for comprehensively understanding the effects of mechanics on tumor progression. Recently, diverse
techniques have been developed for probing the mechanics of tumors, among which atomic force microscopy (AFM) has appeared
as an excellent platform enabling simultaneously characterizing the structures and mechanical properties of living biological
systems ranging from individual molecules and cells to tissue samples with unprecedented spatiotemporal resolution, offering
novel possibilities for understanding tumor physics and contributing much to the studies of cancer. In this review, we survey the
recent progress that has been achieved with the use of AFM for revealing micro/nanoscale mechanics in tumor development and

metastasis. Challenges and future progress are also discussed.
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INTRODUCTION

Knowledge of tumor metastasis is crucial for understanding the
biology of cancers. It has been widely reported that cancer is a
major threat to human health worldwide. According to the
estimates from the World Health Organization, in 2015, cancer was
the first or second leading cause of death for people younger than
70 years old in 91 of 172 countries, and it ranked third or fourth in
an additional 22 countries [1]. Recently released statistics by the
American Cancer Society has shown that the cancer mortality rate
in the United States fell continuously from 1991 to 2017, resulting
in an overall decline of 29% [2]. Statistics from the European Union
published in recent years also showed the steady downward trend
of the cancer death rate, including lung cancer [3], colorectal
cancer [4], and breast cancer [5]. For China, researchers have
estimated 4,292,000 new cancer cases and 2,814,000 cancer
deaths in 2015, and the statistics have shown that the mortality
rates since 2006 have decreased significantly for both males
(—1.4% per year) and females (—1.1% per year) [6]. Nevertheless,
cancer incidence and mortality are rapidly growing worldwide [1].
Notably, metastasis, the process of cancer cells spreading from the
primary tumor to surrounding tissues and to distant organs, is
responsible for ~90% of cancer deaths [7], a finding supported by
a recent statistical study [8]. In cancer patients, the metastasis of

tumors to tissues such as sentinel lymph nodes predicts disease
progression and often guides treatment decisions [9]. Scientists
have identified many processes and factors that contribute to
tumor metastasis, including the epithelial-mesenchymal transition
(EMT) [10], tumor microenvironment [11], inflammation [12],
proteoglycan remodeling [13], and exosomes [14]. However, the
biological underpinnings of tumor metastasis remain the least
understood aspect of cancer biology, and elucidating the under-
lying mechanisms driving metastasis is essential to the develop-
ment of new approaches and therapies for metastatic cancers [15].

Investigations into the mechanics of tumors have emerged as
promising ways to discover the mysteries of tumor metastasis.
Mechanics are intrinsic properties that appear throughout the
formation, development, and aging processes of biological
systems [16-18]. In fact, mechanical force is significantly involved
in life activities at nearly all levels, from molecules and cells to
tissues and organs [19]. Studies have shown that during biological
processes such as embryogenesis and morphogenesis, chemical
signaling is insufficient to fully describe how systems grow, and
mechanics have been shown to influence spatiotemporal control
of the transcriptional activities essential for biological develop-
ment [20]. Alterations in the biomechanical and biophysical
properties of cells and subcellular structures influence and are
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Fig. 1 Schematic illustration of the detailed process of tumor metastasis showing that there are significant physical processes in the
process of tumor metastasis and multiple types of microenvironmental cues are involved for promoting the successful metastasis of
primary cancerous cells. Reprinted with permission from Ref. [24]. Copyright 2019 Springer Nature. Tumor metastasis is a complex multistep
process. Tumor cell production of angiogenetic factors and TGFp can activate endothelial cells and fibroblasts to remodel tissues and promote
tumor cell invasion of stromal-modified spaces. Intravasation of tumor cells is promoted by binding to macrophages that cause transient
permeability in the vasculature. In the circulation, platelets can bind to the circulating tumor cells (CTCs) and protect CTCs from cytotoxic
immune cell recognition, escorting tumor cells to the site of extravasation [33]. Preferred colonization sites, termed premetastatic niches, can
be prepared in advance of the arrival of tumor cells through the actions of extracellular vesicles such as exosomes. When tumor cells arrive the
new sites, only a small subset of tumor cells initiate cell division to form micrometastases, and only a small proportion of these

micrometastases persist to become vascularized metastases [34].

influenced by the onset and progression of human diseases such
as cancer [21]. A cell undergoes many genetic and epigenetic
changes as it transitions to malignancy, and cancer biologists have
recognized that a critical component of this transformational
journey involves marked alterations in the mechanical phenotype
of the cell and its surrounding microenvironment [22].
The physical characteristics of tumors are intricately linked to
the tumor phenotype and difficulties during treatment [23]. The
successful metastasis of primary cancerous cells is the result of
comprehensive effects, including the cancer cells themselves and
microenvironmental cues, which significantly exhibit mechanical
alterations in cancerous cells and tumor microenvironments [24],
as shown in Fig. 1. For example, the physical forces generated by
growing tumors compress blood and lymphatic vessels, thereby
reducing perfusion rates and generating hypoxia [25]. Many
factors contribute to the increased stiffness of tumors (e.g.
increased matrix deposition, matrix remodeling by forces from
cancer cells and stomal fibroblasts, matrix cross-linking, increased
cellularity, and the buildup of both solid and interstitial pressure
[23]), which recirculate as feedback to promote the migration and
invasion of primary cancerous cells [26] and eventually increase
tumor invasiveness and reduce therapy efficacy. Consequently,
investigating the mechanical cues involved in tumor metastasis
contributes to a better understanding of tumor behaviors and
probably offers novel therapeutic avenues.

SPRINGERNATURE

In this review, we summarize the applications of atomic force
microscopy (AFM), a powerful multifunctional toolbox invented for
characterizing living biological systems in their native states with
unprecedented spatiotemporal resolution (nanometer spatial
resolution and millisecond temporal resolution) under aqueous
conditions [27], to investigations of multiple types of micro/
nanoscale mechanics, ranging from single cells to microenviron-
mental cues involved in tumor metastasis. Compared with other
high-resolution imaging techniques (as shown in Table 1), such as
super-resolution microscopy (stimulated emission depletion
(STED), photoactivated localization microscopy (PALM), and
stochastic optical reconstruction microscopy (STORM)), scanning
electron microscopy (EM), and transmission EM, AFM has unique
advantages for simultaneously visualizing the structures and
measuring the mechanical properties of living biological speci-
mens under aqueous conditions, making AFM particularly suited
for the studies of biointerfaces and mechanobiology [28-32]. AFM
has become an important technology for life science research and
has been widely used to investigate biological issues in metastasis
to reveal novel insights into tumor biology. In the following
sections, we survey the recent advances regarding the applica-
tions of AFM used to probe the mechanical issues associated with
the process of tumor metastasis [24, 33, 34] and illustrate with
examples highlighting the exciting capabilities of AFM in
addressing fundamental sciences in tumor biology.
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PRINCIPLES OF ATOMIC FORCE MICROSCOPY

The imaging principle of AFM is illustrated in Fig. 2. AFM uses a
sharp tip mounted at the end of a microcantilever (Fig. 2d) to
raster scan the specimens [35]. A four-quadrant position sensitive
detector (PSD) is used to sense the laser beam reflected from the
backside of the cantilever to detect the deformation of the
cantilever [36]. The changes in PSD signals are analyzed by
feedback electronics, which then control the piezoelectric tube
driver to move the AFM probe vertically to sense the interaction
forces between the AFM tip and specimen surface (Fig. 2a).
Contact mode and tapping mode are two classic AFM imaging
modes [28]. In contact mode, the AFM tip is scanned across the
surface, and the Coulomb repulsive forces between the AFM tip
atoms and specimen surface atoms cause deflections of the AFM
cantilever. The piezoelectric tube drives the AFM probe to move
vertically to keep the deflections of the cantilever constant and
thus maintain the invariable interaction forces (Fig. 2b). Contact
mode imaging is based on the repulsive forces that are localized
(the repulsive forces between AFM tip atoms and target atoms are
not susceptible to forces from the neighboring atoms on the
specimen), allowing high spatial resolution imaging [36]. However,
the drawback of the contact mode is the lateral mechanical
scratch exerted on the sample, which makes it difficult to observe
the samples adsorbed loosely onto the substrate. In tapping
mode, the cantilever oscillates near its resonant frequency and
intermittently touches the sample (Fig. 2c), at which time
attractive van der Waals forces between the AFM tip and
specimen surface cause changes in the vibration of the cantilever
(e.g, amplitude and frequency) [37]. In practice, using the
amplitude as the feedback is technically simpler [31], and in this
mode, the piezoelectric tube drives the AFM probe to move
vertically to keep the amplitude of the vibrating cantilever
constant. In recent years, peak force tapping (PFT) [38] has
emerged as a novel AFM imaging mode for resolving the ultra-
microstructures and mechanical properties of biological systems.
For more descriptions about PFT, readers are referred to the
literature [39, 40]. Briefly, PFT is based on the AFM force
spectroscopy technique, during which the AFM tip is controlled
to vertically indent the specimens for recording force curves. The
mechanical properties of the specimens are then extracted from
the force curves, which are described in detail in the following
sections in the context of the mechanics of tumor development
and metastasis.

MECHANICAL ALTERATIONS OF TUMOR CELLS DURING
METASTASIS

AFM is able to probe the mechanical properties of single living
cells with high spatial resolution in indentation force spectroscopy
mode. For AFM indentation experiments, the AFM tip is controlled
to perform approach-retract movements in the vertical direction
on the cell surface, during which both the vertical displacements
of the probe and the deflections of the cantilever are recorded,
yielding the so-called force curves [32]. By analyzing the force
curves with adequate theoretical models, the Young’s modulus of
the cells can be determined. Diverse models have been developed
for analyzing the force curves (including Hertz-Sneddon,
Johnson-Kendall-Roberts, Derjaguin-Muller-Toporov, and
Oliver-Pharr [36]), and improvements to these theoretical models
have been realized, such as the bottom effect cone correction
module for eliminating the influence of substrates [41]. Notably,
each theoretical model has its advantages and limitations, and
generally, the Hertz-Sneddon model is the most widely used
model in practice [42]. For more descriptions about the detailed
procedures of AFM indenting experiments used for measuring
cellular mechanics and the related data analysis, readers are
referred to Refs. [32, 36, 43, 44]. During its approach, the AFM tip
encounters different compartments and structures of the cells,
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Fig.2 Principles of AFM imaging. a Schematic of AFM imaging of biological specimens (an example of cell membrane is shown) attached on
the support. b Contact mode AFM imaging. In contact mode, AFM tip is scanned over the specimen surface, while the deflection of the
cantilever is maintained constant. ¢ Tapping mode AFM imaging. In tapping mode, commonly the amplitude of the oscillating cantilever is
maintained constant. d SEM images showing the different shapes of AFM tips. | Pyramid tip. Il Conical tip. d is reprinted with permission from
Ref. [35]. Copyright 2016 Springer Nature.
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Fig. 3 Stiffness changes of tumor cells during metastasis revealed by AFM indentation assays. a Schematic diagram of an adherent
mammalian cell with a summary of the mechanical properties of the cellular structures and compartments. Reprinted with permission from
Ref. [29]. Copyright 2018 Springer Nature. b Different types of AFM tips for indentation assays. | Spherical tip. Zx confocal images of a cell
(membrane protein is labeled with green fluorescein) indented by AFM cantilever conjugated with a fluorescent bead (blue). Reprinted with
permission from Ref. [47]. Copyright 2013 Springer Nature. Il Conical tip. Zx confocal images of a cell monolayer (green) grown on a soft
collagen gel (black) during the indentation by an AFM cantilever with conical tip (dotted line). White arrowhead indicates an individual cell
and gray arrowhead indicates the tip of the cantilever. A fluorescent dye was added to the cell culture medium (red). Reprinted with
permission from Ref. [48]. Copyright 2014 The Company of Biologists Ltd. ¢ AFM probing metastatic tumor cells and normal mesothelial cells
prepared from clinical cancer patients. | Optical image of tumor cells (denoted by arrowhead) and normal mesothelial cells (denoted by
arrow). The inset shows the alignment of AFM tip over the central region of a cell. Il Inmunofluorescence of the specimens confirming tumor
cells (arrowheads) and normal cells (arrows). Stiffness histogram of tumor cells (lll) and normal cells (IV). Reprinted with permission from Ref.
[50]. Copyright 2007 Springer Nature. d AFM probing the stiffness changes of tumor tissues during metastasis. | Schematic of an ultrasound-
guided biopsy from a patient with a suspicious lesion. Il Schematic of utilizing AFM to record multiple stiffness maps (20 x 20 pm) across the
biopsy specimen immobilized on the substrate. Stiffness histogram of normal breast tissues (lll) and invasive breast tissues (IV). Reprinted with
permission from Ref. [51]. Copyright 2012 Springer Nature.

including the glycocalyx, membrane, actin cortex, cytosol,
filaments, and nucleus, and each of these subcellular structures
has unique mechanical properties [29], which are summarized in
Fig. 3a. The glycocalyx and the membrane are very soft and can be
neglected in AFM indenting experiments [43]. Studies have shown
that the cytoskeletons of cells, particularly the actin networks, are

SPRINGERNATURE

important determinants of cellular Young’s modulus as measured
by AFM [45, 46]. By utilizing different types of AFM tips (Fig. 3b),
the mechanical properties of various subcellular structures can be
probed based on the AFM indentation technique. For example, a
spherical tip is able to probe the mechanics of the cytoplasm (I in
Fig. 3b) [47]; a conical tip is able to access the mechanics of the
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Fig. 4 Mechanical changes of cells in the process of EMT revealed by AFM. a Schematic of EMT process. Epithelial cells displaying
apical-basal polarity are held together by tight junction, adherens junctions, and desmosomes. Epithelial cells are tethered to the underlying
basement membrane by hemidesmosomes. Induction of EMT results in cellular changes that include the disassembly of epithelial cell-cell
junctions and the dissolution of apical-basal cell polarity. The loss of epithelial features is accompanied by acquisition of mesenchymal
features. Mesenchymal cells display front-to-back polarity and have a reorganized cytoskeleton. After EMT, cells become motile and acquire
invasive capabilities. Reprinted with permission from Ref. [58]. Copyright 2019 Springer Nature. b—d Cellular changes during EMT induced by
TGF-B1. Cells before TGF-f1 treatment (l) and after TGF-B1 treatment (ll). b Confocal fluorescent images. F-actins were stained with red
fluorescein and nuclei were stained with blue fluorescein. The insets are the enlarged view of individual cells denoted by the arrows. ¢ AFM
morphological changes of cells. The insets are the enlarged view of local structures of the cells. d Statistical histograms of cellular Young'’s
modulus. b, c are reprinted with permission from Ref. [61]. Copyright 2012 Elsevier Inc. d is reprinted with permission from Ref. [62]. Copyright

2018 Elsevier B.V.

actin cortex of cells (Il in Fig. 3b) [48]; and the use of a needle tip
enables probing the mechanics of the cell nucleus [49], allowing
the correlation of the mechanics of cellular compartments with
their structures and cell functions.

Based on the AFM indentation technique, changes in the
stiffness of tumor cells during metastasis have been remarkably
revealed. Cross et al. [50] applied AFM to directly probe the
mechanical properties of tumor cells and normal cells prepared
from the biopsy specimens of clinical metastatic cancer patients,
as shown in Fig. 3c. Metastatic cancerous cells and benign
mesothelial cells in the pleural effusions of body cavity fluid
samples were collected from patients suspected to have meta-
static adenocarcinoma. The prepared cell pellets were resus-
pended in culture medium for 12h, which promoted the
adherence of the cells to the substrate and facilitated the AFM
mechanical analysis. During 12 h of incubation, optical microscopy
was performed to discriminate the tumor cells and normal cells (I
in Fig. 3¢). The tumor cells were small and round (indicated by the
arrowhead in Fig. 3c (1)), whereas the normal cells were large and
flat (indicate by the arrow in Fig. 3c (1)), observations that were

Acta Pharmacologica Sinica (2021) 42:323 - 339

confirmed by immunofluorescence assays (Il in Fig. 3c). AFM
mechanical measurements performed on the living cells showed
that the metastatic tumor cells (lll in Fig. 3c) were significantly
softer than normal mesothelial cells (IV in Fig. 3c). Plodinec et al.
[51] used AFM to directly measure tumor tissues prepared from
clinical breast cancer patients and identified mechanical changes
in tumor tissues during the development and invasion processes
of tumors, as shown in Fig. 3d. Cylindrical specimens with a
diameter of ~0.2 cm and length of 0.2-1 cm were extracted from
suspicious lesions under ultrasound guidance (I in Fig. 3d). The
biopsy specimens were immobilized on a plastic dish with a thin
layer of epoxy glue (Il in Fig. 3d), and then, AFM indentation
experiments were performed on the specimens in Ringer's
solution, showing that normal breast tissues (lll in Fig. 3d)
exhibited a unimodal distribution of Young’'s modulus (1.13 +
0.78 kPa), while the invasive breast tumor tissues (IV in Fig. 3d)
exhibited multimodal distributions of Young’'s modulus. Further
analysis based on hematoxylin and eosin staining of the biopsy
specimens showed that the soft peak (0.57 +0.16 kPa) corre-
sponded to cancer cells that were surrounded by stiffer stroma
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(1.99 £ 0.73 kPa). It is widely known that tumors are generally
stiffer than comparable healthy tissues (breast tumor tissues can
be ten times stiffer than normal breast tissues [52]) due to
increased extracellular matrix (ECM) deposition [53]. Studies on
tumor tissues based on AFM clearly show the detailed mechanical
phenotypes of tumor tissues (combining soft tumor cells and rigid
stroma). Combining AFM indentation measurements with confocal
microscopy of cytoskeletons has revealed significant differences in
the cytoskeletons of tumor cells and healthy cells (normal cells
have well-aligned actin filamentous structures, while tumor cells
have disorganized actin networks [54]), allowing the establish-
ment of a direct correlation between cell mechanics and cell
structures [55]. These studies, based on the utilization of AFM
[50, 51, 54, 55], provide novel insights into tumor mechanics and
tumor physics, which have significance in translational medicine
for developing novel diagnostic or prognostic markers of cancers
at the single-cell level [56, 57].

Cellular mechanical alterations during the process of the EMT
that promote tumor metastasis have been revealed by AFM. The
EMT is a cellular program crucial for malignancy progression,
during which epithelial cells lose their polarized organization and
acquire migratory and invasive capabilities [58, 59], as shown in
Fig. 4a. Studies have shown that the EMT mechanism enhances
the detachment of cancer cells from primary tumors preceding
metastasis [60]. With the use of AFM, the mechanical cues during
the EMT process were revealed. Buckley et al. [61] combined AFM
with confocal fluorescence microscopy to investigate cell changes
during the EMT process. Transforming growth factor-p1 (TGF-f1),
a cytokine that can promote the EMT, was used to induce the EMT
process. Both the confocal fluorescence images (Fig. 4b) and AFM
images (Fig. 4c) showed that the shape of alveolar epithelial cells
changed from being similar to cobblestones to being similar to
spindles after TGF-B1 stimulation. Fluorescence staining of the
cytoskeletons showed that TGF-31 treatment resulted in increased
numbers of F-actin stress fibers assembled parallel to the long

axes of cell bodies (Il in Fig. 4b), a finding that was confirmed by
AFM imaging of the cytoskeletons (Il in Fig. 4c). By obtaining force
curves on cells before and after TGF-1 treatment, the stiffness
changes in the cells were determined. Wang et al. [62] used AFM
to visualize and quantify the mechanical changes of cells after
TGF-B1 stimulation. AFM multiparametric imaging based on PFT
qualitatively showed the increased stiffness of cells after TGF-f1
stimulation, while the calculation of Young’s modulus from the
obtained force curves quantitatively showed the much higher
Young’'s modulus values of the cells after treatment with TGF-B1
(Fig. 4d), significantly revealing the stiffening of the cells during
the EMT process. Kanlaya et al. [63] used AFM to investigate the
inhibitory effects of epigallocatechin-3-gallate (EGCG) on cellular
mechanical changes during the TGF-B1-induced EMT process.
They used AFM to probe the mechanical properties of regular cells
(without treatment), cells treated with TGF-B1, and cells treated
with TGF-31 and EGCG. The AFM measurements showed
remarkably increased cell stiffness in the TGF-B1-treated cells,
whereas the stiffness of the cells treated with TGF-31 and EGCG
was very similar to that of regular cells, indicating that EGCG
efficiently prevented the mechanical effects induced by TGF-31.
These AFM results were confirmed by the immunofluorescence
staining of the cytoskeletons. These studies [61-63] revealed the
mechanical phenotypes of single cells during the EMT process,
which is meaningful for understanding tumor metastasis, provid-
ing a novel way to evaluate drug actions from the perspective of
cell mechanics.

Applications of AFM single-cell force spectroscopy (SCFS)
revealed significant changes in the adhesive properties of tumor
cells during the process of metastasis. In SCFS, a living cell is
attached to the end of the AFM cantilever to prepare a cell probe,
and then the cell probe is controlled vertically to perform the
approach-retract cycle on the substrate, which can be another
cell, a surface or an organic ECM [64], as shown in Fig. 5a. Force
curves recorded during the approach-retract cycle reflect the
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Fig. 5 AFM-based single-cell force spectroscopy (SCFS) revealing the changes of adhesive properties of tumor cells during metastasis.
a, b Principle of SCFS. a Schematic of performing approach-retract movement on substrate with the use of cell probe in SCFS assays. The cell-
conjugated AFM cantilever is first lowered toward the substrate (1) until a preset force is reached (ll). After a given contact time, the cantilever
retracts from the substrate (lll) until cell and substrate are completely separated (IV). b A representative force curve recorded during SCFS
showing steps (I-IV) corresponding to those outlined in (a). Several unbinding events can be observed in the retraction curve (s denotes force
steps, t denotes unbinding of membrane tethers, F; denotes maximal detachment force). Reprinted with permission from Ref. [65]. Copyright
2010 Springer Nature. c—f Adhesion properties of tumor cells with different invasion potentials. In the following, breast cell lines are ranked
from left to right in ascending order of their invasive character. ¢ Cell Young’s modulus. d Cell adhesion force. e Individual membrane tether
force. f Number of membrane tethers. Reprinted with permission from Ref. [71]. Copyright 2016 American Chemical Society.
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microscopy to reveal specific molecular interactions on cell surface. | Differential interference contrast (DIC) image and Il mCherry channel
superimposed with DIC channel. The functionalized probe can be seen above the cells. Il AFM height image and IV adhesion image of cells
recorded in the scan region denoted by the dashed square in (Il). Reprinted with permission from Ref. [90]. Copyright 2017 Springer Nature.
Distribution of molecular adhesion forces measured on target cells (V) and control cells (VI). Reprinted with permission from Ref. [80].

Copyright 2017 Springer Nature.

dynamic adhesive interaction process between the cell probe and
the substrate, and the molecular binding events (e.g., receptor
anchoring and membrane tether [65]) taking place during
cell-substrate adhesion are clearly discerned from the force
curves, as shown in Fig. 5b. By coating substrates with specific
biomolecules, the special molecular interactions and mechanical
forces involved in cell adhesion can be investigated by SCFS [66].
For more descriptions about the technical details of SCFS, readers
are referred to Refs. [67, 68]. SCFS offers new possibilities for the
study of tumor cells. Adhesive forces prevent animal tissues from
dissociating into their component cells, and these forces change
dynamically to establish new cell contacts during developmental
cell movements, tissue renewal and wound repair [69], and they
are critically involved in cancer spreading and invasion [70].
Smolyakov et al. [71] used AFM-based SCFS technique to
investigate the changes in the adhesive properties of tumor cells
during tumor invasion, as shown in Fig. 5¢—f. Four types of breast
cancer cell lines (SKBR3, MCF7, BT474, and MDA-MB231) with
different invasive potentials were used. A living cell (SKBR3, MCF7,
BT474, or MDA cell) was attached to a tipless AFM cantilever that
was previously coated with concanavalin A, and then, the cell-
modified cantilever was used to perform indentation assays either
on fibronectin (FN)-coated substrates or on other cells adhered to
the FN. Different mechanical parameters were determined from
the force curves obtained, including Young’s modulus (obtained
from the approach curve) (Fig. 5c), cell adhesion force (maximal
force peak in the retraction curve) (Fig. 5d), tube force (force steps
corresponding to a single membrane tether in the retraction
curve) (Fig. 5e), and number of tubes (number of membrane
tethers in a single detachment in the retraction curve) (Fig. 5f),
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showing that invasive breast cancer cells are softer and more
adhesive with membrane tethers that can be readily extruded
from invasive cells. The adhesion interactions of the cells were
closely related to the adhesive receptors on the cell surface [72],
and studies have shown a correlation between cell adhesion
molecules (E-cadherin and N-cadherin) and cell adhesion forces
[73]. Azadi et al. [74] used SCFS to show that the inhibition of
epidermal growth factor receptor (EGFR) activity by monoclonal
antibodies and small molecules led to an increase in the cellular
adherence of tumor cells. With the use of SCFS, the interactions
between cancer cells and endothelial cells have also been studied
[75], showing that the glycocalyx strongly modulates the adhesion
between cancer cells and endothelial cells. These studies [71-75]
significantly demonstrated the feasibility of directly and quantita-
tively correlating adhesion molecules on the cell surface with
cytoadherence and cell functions by AFM-based SCFS, which
contributes a better understanding of tumor behaviors.

The utilization of AFM single-molecule force spectroscopy
(SMFS) allows probing the mechanics of biomolecules on the
surface of tumor cells. In SMFS, ligand molecules are attached to
the surface of the AFM tip via flexible cross-linker molecules
(often polyethylene glycol (PEG) [76]), and then, the ligand-
modified tip is used to vertically perform approach-retract
cycles at different areas on the cell surface for the recognition
and location of specific receptors on the cell surface [77],
enabling single-molecule imaging of cell surfaces with high
spatial resolution [78], as shown in Fig. 6a (). The specific
receptor-ligand dissociation events are discriminable from the
obtained force curves [79], as shown in Fig. 6a (I, Ill). The
magnitude of the force peak corresponds to the receptor-ligand
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dissociation force. By obtaining force curves for different
retraction velocities of the cantilever, the energetic and kinetic
parameters of the receptor-ligand interactions can be obtained
[80]. With the use of SMFS, single proteins can be mechanically
unfolded, which vyields the mechanical dynamics of the
unfolding pathway of the proteins [81]. For more details of
SMFS and SMFS-based techniques, readers are referred to Refs.
[82-84]. The applications of SMFS provide novel insights into the
cell-surface activities involved in tumor behaviors at the single-
molecule level. When a normal cell becomes cancerous, the
organization of cell-surface molecules significantly changes; for
example, the expression or activation of EGFR is altered in many
epithelial tumors [85], epithelial cell adhesion molecule (EpCAM)
is a dominant antigen on tumor cells [86], and tumor cells have a
large glycocalyx on their surface for the clustering of integrins
and for membrane bending [87]. Using the AFM SMFS-based
simultaneous topography and recognition imaging technique,
local receptor maps on the surface of tumor cells can be
obtained at nanometer spatial resolution [88], as shown in
Fig. 6b. Topography images (I in Fig. 6b) of the cell surface and
recognition images (Il in Fig. 6b) of specific cell-surface receptors
can be obtained simultaneously. The clustering behaviors of
receptors on the cell surface can be quantitatively characterized
from the recognition image [89]. The overly image (lll in Fig. 6b)
clearly shows the distribution of individual receptors on the
complex heterogeneous surface of the tumor cells with high
precision, facilitating the establishment of links between tumor

cell molecule organizations and cell functions and benefiting the
studies of molecular activity on the tumor cell surface. The SMFS-
based multiparametric imaging technique, particularly com-
bined with fluorescence microscopy [90, 91], provides a novel
way to quantify and map the molecular interactions on the cell
surface, contributing to investigations in the mechanics of single
molecules on tumor cells. Under optical (I in Fig. 6¢) and
fluorescent (Il in Fig. 6¢) guidance, the functionalized AFM tip is
moved to target cells for simultaneously imaging cell topogra-
phy (lll in Fig. 6¢) and detecting specific molecular interactions
on the cell surface (IV in Fig. 6¢c), and molecular dissociation
forces can be obtained from the recorded force curves (V and VI
in Fig. 6c). Combining AFM multiparametric imaging with
biochemical assays, Hsu et al. [92] revealed the intricate
relationship between EpCAM-regulated transcription and altered
nanomechanical properties of cells that promoted the epithelial-
to-mesenchymal transition. AFM imaging of tumor cells with
antibody-conjugated tips clearly showed that the EpCAM
molecules were largely dispersed on the surface of endometrial
cancer cell lines and that the EpCAM molecular recognition sites
vanished after the stimulation with epidermal growth factor,
which can bind to EpCAM, and AFM indentation assays on the
cells showed altered nanomechanical properties of EpCAM-
edited cells, demonstrating a nanomechanical phenotype in
advanced cancer progression and illustrating that AFM is an
invaluable tool complementing traditional biochemical assays
for addressing the mechanical cues in tumor development.
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b AFM is able to probe the structure and properties of single exosomes. | Imaging the topography of single exosomes. Reprinted with
permission from Ref. [116]. Copyright 2014 Elsevier Inc. Il Indenting single exosomes. Reprinted with permission from Ref. [118]. Copyright
2010 American Chemical Society. lll, IV Probing single receptors on exosomes. Ill Schematic of using antibody-modified tip to recognize

specific receptors on exosomes. IV Force curves obtained during
interactions and nonspecific molecular interactions. Reprinted with

MECHANICS OF TUMOR CELL SPHEROIDS

AFM can be used to probe the mechanics of tumor cell spheroids.
In recent years, 3D tumor cell spheroids have emerged as
promising in vitro models that replicate many features of solid
tumors in vivo and are useful for investigating tumor behaviors
and drug effects [93]. Currently, 2D monolayer cellular assays serve
as the gold standard for studies in the life sciences, such as for
investigation of cell activity and drug discovery [94], and
monolayer cell cultures are unable to mimic the structure and
drug resistance conferred by elements of the tumor microenvir-
onment and its 3D organization, which are often the cause of
inaccurate assessments of the biological performance of tumor
therapeutics [95]. Diverse fabrication methods have been devel-
oped for preparing 3D tumor cell spheroids, including growing
cells on nonadherent surfaces or in suspension, seeding cells
within polymer scaffolds or within hydrogels, liquid-overlay
techniques, and microfluidic devices [96, 97], offering new
opportunities for tumor drug testing [98, 99]. With the use of
AFM, the detailed nanomechanical properties of tumor cell
spheroids can be visualized, significantly contributing to the
understanding of tumor behaviors. Recently, Vyas et al. [100]
reported utilizing AFM to investigate the mechanics of ECM and
cells in tumor spheroids, as shown in Fig. 7a-g. Lung cancer cell
spheroids were prepared using a liquid-overlay technique on agar
surfaces. After the formation of the spheroids, the lower half of the
spheroids were immobilized on the glass coverslip covered in
agarose gel (the immobilization prevented lateral motion of the
spheroids during AFM measurements), and then, the upper half of
the spheroids were exposed to aqueous medium for probing by
the AFM tip. Arrays of 128 x 128 force curves were recorded over
20 x 20 um areas on the spheroids. Each of the indentation curves
was split into small fragments, and each fragment was fitted by
the Hertz-Sneddon model, yielding data for generating stiffness
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AFM force spectroscopy assays discriminating the specific molecular
permission from Ref. [120]. Copyright 2018 IOP Publishing Ltd.

maps versus indentation depths. With this method, the nanome-
chanical properties of tumor spheroid structures at various depths
were visualized. From the stiffness maps, different components of
the spheroids were identified (Fig. 7a), including collagen fibers,
the interface of cell membrane and ECM, and cells embedded
deep inside the ECM. The results showed that at small depths, cells
had a very high modulus compared with the adjacent ECM
(Fig. 7c), and there was a gradual decrease in stiffness as the probe
indented deeper into the cell (Fig. 7d-g), remarkably visualizing
the mechanical maps of the tumor spheroids at different depths.
Andolfi et al. [101] designed and fabricated planar AFM macrop-
robes to measure the whole viscoelasticity of tumor spheroids.
The macro AFM probes were fabricated on a silicon wafer using
photolithography techniques, and the spring constant of the
fabricated probe was calibrated using a commercial AFM
cantilever with a known spring constant (the spring constant of
the commercial cantilever can be calibrated with the thermal
noise method). The results showed that the planar AFM cantilever
was well suited to characterize the mechanical properties of large
tumor spheroids (with a diameter above 100 pm). These studies
[100, 101] showed that AFM can be used not only to probe the
heterogeneous mechanics of different structures in tumor
spheroids with high precision but also to characterize the whole
mechanics of the tumor spheroids, data which are particularly
meaningful for understanding the mechanical phenotypes of
tumors.

The applications of AFM in measuring the mechanics of tumor
spheroids promote understanding of tumor growth in confined
environments. Taubenberger et al. [102] combined AFM with
biochemical assays to find the mechanical signature of tumor
spheroid growth as regulated by microenvironment stiffness
(Fig. 7h). MCF7 breast cancer cells were embedded in PEG-heparin
hydrogels with various stiffness features. The PEG-heparin ratio (y)
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was adjusted to values of 0.75 (compliant), 1.0 (intermediate), and
1.5 (stiff), yielding hydrogels with different Young’s moduli (I in
Fig. 7h). In 14 days, multicellular spheroids formed and reached
diameters of up to 150 um. Optical and fluorescence microscopy
experiments showed that the tumor spheroids were smaller and
more compact when grown in stiff hydrogels (I in Fig. 7h). AFM
indentation assays were utilized to characterize the mechanics of
tumor spheroids on different scales. The spheroids were first
harvested by gel degradation, and then, the collected spheroids
were pipetted into glass bottom dishes. After the spheroids were
stably attached to the dish, the AFM probe was controlled to
indent the spheroids, showing that tumor spheroids grown in stiff
hydrogels were significantly stiffer than those grown in compliant
hydrogels (Il in Fig. 7h). AFM measurements on individual cells
after tumor spheroid dissociation also showed that tumor cells
grown in stiff hydrogels were significantly stiffer than those grown
in compliant hydrogels (Il in Fig. 7h). Further experiments
performed on cells treated with various drugs showed that Rho-
associated kinase was critical for the increased cell stiffness in stiff
hydrogels by altering the F-actin cytoskeleton. A study based on
AFM [102] revealed that the rigid features of the microenviron-
ment have direct impacts on the growth behaviors of tumor
spheroids, which exhibit distinct mechanical phenotypes at
different levels, such as altered cancer cell stiffness and spheroid
stiffness, providing novel insights into oncology.

MECHANICS OF EXOSOMES IN TUMOR PROGRESSION

Exosomes have been shown to play important roles in the
metastasis of tumors. All cells, including those in prokaryotes and
eukaryotes, release extracellular vesicles (EVs) under normal
physiological conditions and during acquired abnormalities
[103]. EVs constitute a heterogeneous population of membrane
vesicles of various origins and can be classified into two distinct
classes: exosomes (with a size typically between 50 and 150 nm)
and microvesicles (with a size is typically between 50 nm and 1
pum) [104]. Exosomes are released into the extracellular environ-
ment upon exocytic fusion of multivesicular endosomes with the
cell surface [105]. These small vesicles are called intraluminal
vesicles, and they are contained within multivesicular endosomes
and are called exosomes when they are released into the
extracellular environment [106], as shown Fig. 8a (). Exosomes
contain bioactive molecules, such as nucleic acids (DNA, mRNA,
microRNA, and other noncoding RNAs), proteins (receptors,
transcription factors, enzymes, and ECM proteins), and lipids that
can redirect the function of a recipient cell [107], as shown in
Fig. 8a (Il). Once secreted, exosomes bind to neighboring cells or
to the ECM or passively move in the bloodstream or other bodily
fluids [108]. Exosomes presumably act as important vehicles of
intercellular communication between cells locally and distally
[109]. Exosomes have been shown to crucially participate in
cancer development, and cancer cells are known to secrete more
exosomes than their nonmalignant counterparts [110]. Exosome-
mediated effects not only influence the tumor microenvironment
(e.g., exosomes can enhance cancer cell motility by stabilizing
cellular protrusions; proteins such as metalloproteinases contained
in exosomes participate in ECM remodeling to promote cell
motility; tumor cells can acquire drug resistance via exosomes;
and exosomes can promote the differentiation or recruitment of
tumor-promoting stromal cells) but also impact distant sites (e.g.,
exosomes can enter the circulation and travel to sites distant from
the primary tumor; various exosome cargoes promote vascular
permeability; and exosomes can generate a premetastatic niche
by inducing ECM remodeling and promote the recruitment of
cancer-associated stromal cells), promoting tumor growth, inva-
siveness, metastasis, and antineoplastic resistance [111-113].
Exosomes and their components therefore constitute a novel
class of emerging therapeutic targets (e.g., exosomes can be
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blocked from supporting tumor progression and induce the
response to therapy [114]), which will have implications for the
development of cancer diagnostics and therapeutics [115].

Applications of AFM to the studies of exosomes offer novel
possibilities for understanding the mechanics of exosomes. By
attaching exosomes to the substrate, AFM imaging can clearly
reveal the detailed morphology of individual exosomes [116],
which is useful for analyzing the geometric features of exosomes,
such as their sizes, as shown in Fig. 8b (I). Exosomes are commonly
characterized by EM or cryo-EM [104, 109], which requires
complex pretreatments of the specimens. The pretreatments can
inevitably cause changes in exosomes, and thus, the results
obtained by EM may not reflect the true structures of living
exosomes. AFM can directly obtain the morphology of single
exosomes in liquids [117], which is particularly meaningful for
investigating the structures and properties of living exosomes in
their native states. Controlling the AFM tip to indent individual
exosomes enables the characterization of the mechanical proper-
ties of single exosomes. The morphological deformation of a
single exosome in response to the loading force of the AFM probe
can be distinctly observed [118], as shown in Fig. 8b (lI). In
addition, the blebbing of exosomes can be observed (indicated by
the yellow arrows in Fig. 8b (1)) when applying high force to the
exosomes, indicating force-induced structural perturbations of the
exosomes. By analyzing the force curves obtained for exosomes
immobilized on substrates, the mechanical properties of single
living exosomes are quantified, such as Young’s modulus, the
adhesion force and deformation capability [119]. By using an
antibody-conjugated tip, the specific biomolecules on single
exosomes can be recognized and located with molecular
resolution [120], as shown in Fig. 8b (lll). We know various
receptors on the surface of exosomes play important roles in
regulating the physiological processes of exosomes, such as
exosome binding to cells and subsequent internalization
[121, 122], and thus, investigating the individual receptors on
exosomes may reveal the underlying mechanisms guiding the
behaviors of exosomes. From the force curves obtained for
exosomes with the use of a functionalized AFM tip, the specific
molecular interactions between receptors on exosomes and
antibodies on the AFM tip are clearly distinguished (Fig. 8b (IV)),
which allows quantifying the binding affinities and the spatial
distribution of single receptors on exosomes, providing novel
insights into the surface mechanics of exosomes at the single-
molecule level.

MECHANICS OF THE ECM FOR PROMOTING TUMOR
METASTASIS

It is increasingly evident that the ECM plays an important role in
the development and progression of cancers. On the one hand,
cells within tissues establish the ECM during development,
maintain it under physiological conditions, remodel it during
adaptations, and repair it in response to disease and injury [123].
On the other hand, the ECM provides not only a physical scaffold
for maintaining the structural integrity of multicellular organisms
but also serves as a reservoir for biochemical and biophysical
signals to support cell survival, organization, and differentiation
[124]. These reciprocal interactions between cells and the ECM
have long been recognized to have key roles in cell fate
determination [125], and dysregulation of the ECM contributes
to several pathological conditions, such as fibrosis and cancer
[126]. The ECM is composed of water, proteins (e.g., collagen,
elastin, FN, and laminin) and polysaccharides, and each tissue has
an ECM with a unique composition and topology that is generated
during tissue development [127]. In particular, the microenviron-
ment of tumors is much stiffer than that of normal tissues because
of tumor-associated ECM remodeling characterized by increased
ECM deposition, fiber alignment, and cross-linking [53]. During the
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past 10 years, it has become clear that the stiffened ECM and the
elevated solid stresses that develop in a tumor are not merely
passive byproducts of malignancy; in contrast, these physical
features actively participate in tumor progression and modify the
tumoral response to therapy [128]. Studies have shown that
tumor-derived ECM promotes angiogenesis and tumor cell growth
[129], while suppressing ECM expression contributes to drug
penetration and successful tumor therapy [130]. It has also been
reported that altered gene expression in cancer cells regulates
ECM components to promote tumor progression [131]. Conse-
quently, investigating the physical cues (e.g., stiffness, viscoelas-
ticity, pore size, fiber alignment, and molecular composition) of
the ECM is important for advancing our understanding of the
mechanisms critical for cellular sensing of these properties [53],
providing significant novel insights into oncology.

AFM can reveal the mechanical dynamics of the basement
membrane during the invasion process of tumor cells. Basement
membranes are thin, dense sheets of specialized, self-assembled
ECM that surround most animal tissues [132], including epithelial (I
in Fig. 9a), endothelial, muscle, and adipose tissues. The basement
membrane mainly includes two independent polymeric networks
(including type IV collagen and laminin), which are linked by ECM
proteins (including nidogen and perlecan), as shown in Fig. 9a (lI).
Epithelium-derived tumors, also known as carcinomas, represent
~90% of all cancers, and the first barrier against the metastatic
spread of these cancers is the basement membrane underlying
the epithelium [133]. Studies have shown that in addition to
protease-mediated degradation and chemotaxis-stimulated
migration, basement membrane invasion by malignant cells is
significantly influenced by the stiffness of the associated inter-
stitial ECM and the contractility of the tumor cells [134]. A recent
study has shown that preexisting small holes (weak spots) in the
basement membrane significantly contribute to recruiting
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immune cells for attacking cancer cells [135], indicating that the
mechanics of the basement membrane play important roles in
tumor invasion. Glentis et al. [136], with the use of AFM, revealed
the dynamics of the basement membrane during tumor invasion,
as shown in Fig. 9b. Mesentery basement membranes were
isolated from mice, and the cells (including cancer cells and
cancer-associated fibroblasts) were grown on the basement
membranes. Morphological imaging by AFM showed that the
basement membrane growing cancer cells and fibroblasts had
more holes (Il in Fig. 9b) than the basement membranes not
growing cells (I in Fig. 9b), indicated by the roughened basement
membranes upon cell growth (lll in Fig. 9b). AFM indentation
measurements showed that, after upon cancer cells and
fibroblasts growth, the basement membrane became significantly
softer (IV in Fig. 9b). The results [136] clearly showed the dynamic
mechanics (roughening and softening) of the basement mem-
branes during the tumor cell breaching process, providing novel
insights into cancer invasion and metastasis [137]. Notably, in each
tissue and in different regions of the same tissue, the matrix
structure and composition of the basement membrane can vary
[138, 139], indicating that the mechanics of the basement
membrane are heterogeneous and are likely associated with the
structural organization of the basement membrane. AFM can
simultaneously obtain data on the ultra-microstructures and
mechanics of biological systems such as the ECM [140] and
hydrogel scaffolds for tissue engineering purposes [141], and thus,
the utilization of the AFM comprehensively contributes to the
characterization of the structures and mechanics of basement
membranes, which is meaningful for developing new strategies
for blocking cancer progression and metastasis [142].
Applications of AFM for probing decellularized ECM offer novel
possibilities for understanding the mechanics of the ECM in
oncology. Decellularization is an attractive technique for scaffold
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preparation in tissue engineering, as the resulting material can
maximally recapitulate all the features of the natural ECM of the
original tissue [143, 144], which is inaccessible for use with natural
or man-made materials. The sources of decellularized matrices can
be categorized into two types: ECM from tissue/organs and ECM
formed by the cells in culture in vitro [145], as shown in Fig. 10a.
Tissue-derived decellularized ECM is similar to the native ECM in
terms of composition, mechanics, and structures, but the scarcity
of ECM sources limits broader applications. Cultured cell-derived
decellularized ECM is easier to obtain on a large scale and is able
to reconstitute ECM in a limited region, but cannot completely
mimic the composition, mechanics, and structures of native ECM
[146]. For more descriptions of the decellularized matrix, readers
are referred to the literature [145, 146]. Recently, researchers have
applied AFM to characterize the mechanics of a decellularized
matrix to garner understanding of the microenvironmental cues in
the pathological alterations of cells. Organ-derived decellularized
ECM is obtained by perfusing the decellularizing and washing
media through a main artery of the organ (I and Il in Fig. 10b)
[147]. After immobilizing onto the substrate thin slices cut from
the decellularized organ, the structures and mechanics of the
decellularized ECM can be probed by AFM (lll in Fig. 10b).
Utilization of AFM on decellularized ECM prepared from healthy
organs or diseased organs has revealed that pathological changes
significantly cause alterations in ECM mechanics [148, 149],
providing important quantitative insights into the mechanical
aspects of a variety of physiopathological conditions [150].
Researchers have also used AFM to investigate the mechanics of
cultured cell-derived decellularized ECM and established standard
procedures (Fig. 10c) [151, 152], allowing the characterization of
the stiffness and topography of the matrix deposited by the cells,
which is important for understanding how cell behaviors and fates
are influenced by these cues in the ECM. Notably, thus far, studies
based on AFM assays of decellularized ECM derived from tumor
tissues or tumor cells are still scarce, and the established methods
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(Fig. 10) can be directly applied to the issues associated with
tumors. Undoubtedly, these studies (e.g., AFM characterizations on
the decellularized matrix prepared from tumors or their corre-
sponding normal tissues) will significantly contribute to the
precise understanding of the role of ECM mechanics in tumor
invasion and metastasis and may potentially promote the design
of reliable biomimetic materials with therapeutic potential.

AFM has been used with great success in characterizing the
mechanics of the fine structures of the ECM in its native state with
unprecedented spatial resolution. On the cell surface, various
receptors (such as integrin) can bind to ECM proteins [153],
allowing the adhesion of cells onto the ECM. Adhesive interactions
between cells and the ECM play important roles in regulating cell
behaviors (e.g., survival, migration, polarity, and differentiation),
and dysregulated integrin-mediated adhesion is a key precursor in
the pathogenesis of many diseases, including cancer [154, 155]. In
fact, integrins are implicated in nearly every step of cancer
progression from primary tumor development to metastasis [155].
Most ECM proteins are fibrous proteins (e.g. collagen, FN, and
elastin), and the filamentous nature of the ECM (Fig. 11a) strongly
influences the physical properties of the ECM and its response to
mechanical stress [156]. Cells respond to nanoscale surface
features (such as nano-topographical surfaces) of the ECM via
integrin-mediated cell adhesion, critically affecting cell fate, and
cell function [157, 158]. Hence, investigating the structures and
properties of the ECM at the nanoscale significantly contributes to
the understanding of underlying mechanisms guiding tumor
behaviors. However, traditional characterizations based on EM
require pretreatments of the ECM (e.g., fixation and drying)
(Fig. 11b) [159], which can inevitably damage the native structures
of the ECM; thus, the results cannot fully reflect the true ECM in a
natural context. The ECM can be clearly visualized by AFM in its
native states at high resolution (Fig. 11c) [160, 161]. In addition to
the porous polymeric reticulated structures of the ECM (I in
Fig. 11¢), the individual nanofibrils in the ECM networks (Il in
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of fibrillar structures on mechanotransduction. Cells can exert forces on

AFM for visualizing the fine structures and measuring the mechanics of single ECM nanofibrils. a Schematic illustrating the effect

the fibers through cell-surface proteins and the cytoskeleton, which

are both mechanically coupled to the ECM, initiating signaling pathways via mitogen-activated protein kinase (MAPK) and the RHO family of
GTPases (RHO). Reprinted with permission from Ref. [156]. Copyright 2019 Springer Nature. b SEM images of collagen (I) and fibrin (Il) gels,
respectively. Reprinted with permission from Ref. [159]. Copyright 2015 Authors. ¢ Imaging the fine structures of ECM and measuring the
adhesion force of ECM by AFM [160, 161]. | Porous network structures of ECM visualized by large-size AFM scanning. Il, lll Single nanofibrils
visualized by small-size AFM scanning. IV A typical force curve obtained on ECM for evaluating the adhesive capabilities of ECM. d Measuring
the stiffness of single nanofibrils by AFM. | AFM image of tripeptide fibers. Statistical histogram of the Young’s modulus of the nanofibrils
formed by Pro-Phe-Phe (Il) or Hyp-Phe-Phe (lll). Reprinted with permission from Ref. [164]. Copyright 2019 Springer Nature.

Fig. 11¢) and even the fine structures in single nanofibrils (e.g., the
helical structures of nanofibrils, as shown in lll in Fig. 11c) can be
visualized by AFM imaging. Based on the AFM high-resolution
morphological imaging of ECM nanofibrils, the diverse assembly
behaviors of nanofibrils, such as aggregation, can be assessed
[162], and the properties that contribute to the rigidity of
nanofibrils, such as length persistence, can be quantified [163].
By controlling the AFM tip to perform approach-retract move-
ments in the vertical direction on single nanofibrils to obtain force
curves (IV in Fig. 11¢), the adhesion forces of nanofibrils can be
measured, which are useful for evaluating the adhesion capabil-
ities of ECM and for promoting cell growth. From the force curves
obtained on single nanofibrils, the stiffness of different types of
nanofibrils can also be ascertained [164, 165], as shown in Fig. 11d.
These results [160-165] provide novel insights into the structures
and properties of native nanostructures of the ECM. In the future,
combining the data on ECM nanostructures obtained by AFM with
assays on tumor cell functions will precisely contribute to the
analysis of the role of ECM mechanics in tumor invasion and
metastasis.

CONCLUSION AND FUTURE PERSPECTIVES

In this paper, the applications of AFM to investigations into the
mechanical phenotypes involved in tumor development and
progression are summarized, illustrating that AFM is able to probe

Acta Pharmacologica Sinica (2021) 42:323 - 339

the mechanical properties of diverse biological samples associated
with tumor behaviors at multiple levels, including single
cancerous cells [47, 50], tumor tissue slices [51], biomolecules on
the cell surface [77, 88], tumor cell spheroids [100, 102], exosomes
secreted by cells [116, 118], and the ECM in tumor microenviron-
ments (e.g., basement membrane [136], decellularized matrix
[147,152], and ECM nanofibrils [160, 164]). The use of AFM reveals
the dynamic mechanics of both the cancer cells themselves
[50, 71] and microenvironmental cues [51, 136] in the process of
tumor invasion and metastasis, providing remarkable novel
insights into the regulatory role of mechanics in oncology. The
evidence significantly demonstrates that AFM is a powerful
multifunctional tool for the studies of biomechanics and
biophysics [21], considerably complementing traditional biochem-
ical assays and offering novel possibilities for uncovering the
underlying mechanisms guiding tumor processes. Nevertheless,
several issues need to be addressed to further advance physical
oncology based on AFM.

Utilizing AFM to probe the mechanics of cells involved in the
process of tumor metastasis requires overcoming significant
challenges. First, the methodology of characterizing cell
mechanics by AFM needs to be improved. It is widely known
that cell stiffness measured by AFM indentation assays is
dependent on many factors [32], including environmental
conditions (e.g., temperature, the substrate on which cells are
attached, and the cell culture medium) [166], instrumental
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parameters (e.g. tip shape, approach rate of the probe, and
indentation depth) [36, 41], cells (e.g., the cellular areas being
probed and cell status such as isolated or connected [167]), and
data processing (e.g., theoretical models used for analyzing force
curves and contact point determination of the force curves [168]).
Hence, strictly speaking, the results (such as cell Young’'s modulus)
obtained via AFM indentation experiments from different groups
can be compared only when the conditions are identical, which
requires substantial standardization of the measurements. Parti-
cularly, for some applications (e.g.,, measuring cellular adhesion
forces [65] and specific molecular forces by AFM techniques [90]),
the tip needs to be functionalized (e.g., attaching cells to the AFM
cantilever and linking antibodies to AFM tip), which often involves
a complex process and requires specific expertise, adding to the
complication of AFM assays. Defining simple standardized
protocols will contribute to making AFM appealing to more
researchers. Second, there are still shortcomings for current
studies about measuring cell mechanics by AFM. Currently, AFM
studies are commonly performed on cells grown on 2D flat
substrates in vitro [50, 71, 102]; however, significant differences
(e.g., phenotype and shape) [169] between cells grown in a 2D
environment in vitro and cells grown in a 3D environment in vivo
are acknowledged. The results obtained by AFM in a 2D
environment cannot directly reflect cell behaviors in vivo. In
recent years, researchers have used molecular sensors to
successfully sense the mechanics of cells grown in 3D biopolymer
networks [170, 171]. Hence, combining AFM-based 2D mechanical
measurement data with molecular sensor-based 3D mechanical
measurement data to study tumor cells will remarkably contribute
to a more thorough understanding of the role of cell mechanics in
the process of tumor invasion and metastasis. With an alternative
method, researchers have used AFM to directly probe the
mechanics of tissue samples [51, 172] to investigate mechanics
in vivo, but notably, the tissue samples prepared from tumor
patients contain many components, including tumor cells and
healthy cells and their respective ECM. Hence, it is challenging to
identify the exact contributions of these components to the
mechanics measurements.

It is evident that, for utilizing AFM to investigate the mechanics
originating from tumor microenvironments, large gaps separate
the current studies and practical applications. In addition to
cancerous cells, healthy cells secrete exosomes during cellular life
activities [103]. During tumor metastasis, primary cancerous cells
secrete exosomes to establish premetastatic niches to establish a
microenvironment suitable for the growth of cancerous cells [173].
To fully reveal the roles of exosome mechanics in promoting the
formation of premetastatic niches, exosomes secreted by primary
cancerous cells need to be isolated and analyzed. Researchers
have cultured cancerous cells in vitro to produce exosomes [174],
but notably, these exosomes cannot completely reflect the true
situations of exosomes secreted by primary cancerous cells in vivo.
Researchers have developed methods based on combining
acoustics with microfluidics for isolating exosomes from whole
blood in a label-free and contact-free manner [175], providing
novel possibilities for harvesting exosomes secreted by cancerous
cells in vivo. However, to date, studies applying AFM to investigate
the mechanics of exosomes secreted by primary cancerous cells
are rare, and the roles of exosome mechanics on tumor metastasis
remain elusive. In the future, utilizing AFM to perform assays on
exosomes secreted by cancerous cells from clinical patients will
contribute to the understanding of how exosome mechanics
influence the metastatic tumor microenvironment. In addition,
current studies have demonstrated that AFM can be used to
clearly visualize the structures and measure the mechanics of
single nanofibrils in ECM [160-164], but how the mechanics of
ECM nanofibrils influence the behaviors of tumor cells remains to
be determined. Further studies (e.g., combining AFM studies on
ECM nanofibrils and biochemical assays on tumor cells grown on
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an ECM), particularly AFM studies performed on the ECM prepared
from the biopsy samples of clinical cancer patients (e.g., surgically
excised tissues), are required to establish the correlation between
nanoscopic ECM mechanics and tumor cell behaviors.

In general, AFM is very powerful for revealing the multiscale
mechanics in tumor invasion and metastasis, providing significant
novel insights into physical oncology and offering novel
possibilities for cancer therapy. Notably, there is considerable
room for the applications of AFM to tumor physics. In the future,
more tumor-related studies performed with the use of AFM will
lead to further revelations on the regulatory role of mechanics in
tumor progression.
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