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ARTICLE INFO ABSTRACT

Keywords: Atomic force microscopy (AFM) has recently attracted much attention due to its ability to analyze biomolecular
Atomic force microscopy (AFM) interactions and to detect certain biomolecules, which play a crucial role in disease expression. Despite recent
Cancer studies reporting AFM imaging for the analyses of biomolecules, the application of AFM-based cancer-specific
Biom_”lec‘ﬂe/ cell detection biomolecule/cell detection has remained largely underexplored, especially for the early diagnosis of cancer. In
Icr:figer this paper, we review the recent attempts, including our efforts, to analyze and detect cancer-specific biomo-

lecules and cancer cells. We particularly focus on two AFM-based cancer diagnosis techniques: (i) AFM imaging-
based biomolecular and cellular detection, (ii) AFM cantilever-based biomolecular sensing and cell analysis. It is
shown that AFM-based biomolecular detection has been applied for not only early diagnosing cancer, by
measuring the minute amount of cancer-specific proteins, but also monitoring of cancer progression, by corre-
lating the amount of cancer-specific proteins with the progression of cancer. In addition, AFM-based cell imaging
and detection have been employed for diagnosing cancer, by detecting cancerous cells in tissue, as well as
understanding cancer progression, by characterizing the dynamics of cancer cells. This review, therefore,
highlights AFM-based biomolecule/cell detection, which will pave the way for developing a fast and point-of-

Biomolecular interactions
Cancer progression

care diagnostic system for biomedical applications.

1. Introduction

Cancer is one of fatal diseases that critically reduce the life ex-
pectancy of people in the world. According to the report, in 2015, there
were 90.5 million people who had suffered from cancer [1], and about
14.1 million new cases occurred a year (with excluding skin cancer
other than melanoma) [2]. In addition, cancer is a disease of long
history even dated back to 1500 BCE, in which written was a papyrus
that described eight cases of tumors occurring in the breast. Cancer
originates from the abnormal growth of cells that acquired the cancer-
promoting gene mutations [3]. These cells undergoing abnormal
growth due to cancer-promoting gene mutation are referred to as
cancer cells. For cancer diagnosis, therefore, it is of high significance to
characterize the properties of cancer cells and/or biomolecules speci-
fically expressed on cancer cells. For example, specific proteinase (e.g.
matrix metalloproteinase) are expressed on cancer cells in order to
foster the abnormal growth of cancer cells [4], which indicates the
possibility of cancer diagnosis by detecting and characterizing such
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proteinases and their activity.

For recent decade, nanotechnology has played a vital role in es-
tablishing a de novo cancer diagnostics [5] by detecting cancer cells
and/or cancer-specific biomolecules. Specifically, the advancement of
nanotechnology has led to the emergence of small-scale devices such as
micro-electro-mechanical systems (MEMS) and nano-electro-mechan-
ical systems (NEMS), which have enabled the understanding and ana-
lysis of biomolecular interactions [6-9]. For instance, researchers in
Switzerland [10] reported the nanomechanical cantilever-based sensi-
tive detection of disease-specific DNA molecules based on the hy-
bridization of disease-specific DNA molecules and probe molecules
functionalized on a cantilever's surface. This small-scale nanomecha-
nical device, which is able to sense and detect disease-specific biomo-
lecules, has played a role in not only diagnosis of diseases such as
cancers but also evaluation of the efficacy of newly designed drug
molecules.

Atomic force microscopy (AFM) is now a commercially available
toolkit for studying biological [11] and nanoscale entities [12], and
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allows for imaging specific surfaces at atomic scale [13] and measuring
physical quantities such as surface charges [14,15] and mechanical
properties [16-18]. While the ability of scanning electron microscopy
(SEM) and tunneling electron microscopy (TEM) is limited to imaging
only conductive objects, AFM has the ability to visualize non-con-
ductive objects such as polymers and soft matters (e.g. biomolecules
and cells). The basic principle of AFM imaging is to measure the change
in bending deflection or resonant frequency of an AFM cantilever (i.e.
force probe) due to the interaction between the cantilever tip and the
surface being measured.

AFM imaging techniques have recently been widely utilized for
studying the interactions and detection of biomolecules. For instance,
AFM imaging has allowed for understanding the interaction between
lac repressor and A-DNA molecule and the conformations of lac re-
pressor-bound A. DNA molecule [19]. Recently, Kelvin probe force mi-
croscopy (KPFM) imaging has been employed for quantitative analysis
of biomolecular interactions based on the measurement of change in
surface charge due to biomolecular interactions [20]. We reported
KPFM imaging-based analysis of the efficacy of drug molecules that
inhibit ATP-binding onto protein kinase [21]. The resolution of AFM
imaging has been improved by using a specialized AFM cantilever tip
such as T-shaped torsional cantilever [22]. Here, we note that AFM
imaging is useful in detecting cancer-specific biomolecules when com-
pared with other conventional approaches as follows: (i) While other
imaging-based detection method (e.g. fluorescence imaging) usually
requires the labeling process that is cumbersome, AFM allows for
imaging specific biomolecules (with high resolution even up to single-
molecule resolution) without any labeling or chemical modification. (ii)
AFM enables the highly sensitive detection of cancer-specific biomole-
cules. For example, the detection limit of AFM-based diagnosis is as low
as 1 pM, which is much lower than the detection limit of conventional
approaches. (iii) KPFM imaging coupled with AFM imaging allows for
imaging the electrostatic properties of biomolecules, which are useful in
recognition of interaction between small molecule (e.g. ATP, drug, etc.)
and cancer-specific protein. Conventional approaches are unable to
characterize the interaction between small molecule and cancer-specific
protein, while KPFM is able to do. Thus, we expect that AFM/KPFM will
serve as a diagnostic toolkit that enables the analysis and detection of
single biomolecules.

Cantilevers that serve as a probe for AFM imaging have been also
employed for highly sensitive detection of disease-specific biomolecules
[23-29]. As mentioned earlier, the AFM cantilever has been successful
in detecting disease-specific DNA molecules based on the bending de-
flection change or frequency shift of the cantilever [10,30-32]. In ad-
dition, the vibrating AFM cantilever is used to measure the mass of
disease-specific biomolecules that bind to the cantilever [28,33], since
the resonant frequency of a cantilever is inversely proportional to the
square root of the overall mass of the cantilever. Based on this, re-
searchers have reported the highly sensitive label-free detection of
biomolecules such as proteins [33-35], RNA [36], and enzymes
[37-39].

Herein, we review the recent efforts to analyze and detect cancer-
specific biomolecular interactions and cancer cells using AFM-based
biomolecule/cell imaging as well as resonant AFM cantilever sensor
(Fig. 1).

2. Principles
2.1. Atomic force microscopy-based imaging

The basic principle of AFM imaging is to visualize the surface of a
sample by measuring the force between the AFM probe (i.e. cantilever
tip) and the sample based on the bending deflection of the cantilever tip
due to such a force. As shown in Fig. 2, AFM is composed of a probe,
laser, scanner, photodetector and data collector. The AFM cantilever tip
allows for acquiring the images and chemical, physical, and biological
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information of the sample when the cantilever tip transverses the
sample surface (Fig. 2). According to Hooke's law, for small deflection,
the extent of cantilever deflection (x) is proportional to the bending
force (F):

F=kx (€))]

where k is the stiffness of cantilever.

AFM imaging is commonly performed in two modes: (i) contact
mode and (ii) tapping mode (Fig. 2). In contact mode, imaging is based
on the contact between AFM cantilever tip and the surface that is being
imaged. When AFM cantilever tip moves in a contact with the surface,
the tip motion modulated by the surface morphology is optically
measured in such a way that the motion of cantilever tip changes the
reflection of laser focused on the surface of a cantilever. In tapping
mode, imaging is based on measuring the resonant frequency of AFM
cantilever tip, which is affected by tip-surface interaction. Typically,
the tapping mode is appropriate for imaging soft matter, such as bio-
molecules and cells, which can be easily torn or fractured by the tip
[40,41].

2.2. Kelvin probe force microscopy-based imaging

The basic principle of KPFM imaging is to measure the force acting
on a vibrant AFM cantilever tip due to electrical charges on the surface
of a nanoscale object (e.g. biomolecule). Since some amino acids of
biomolecule possess surface electrical charges, the KPFM imaging is
useful in visualizing and measuring the surface charges of such na-
noscale objects [14,20]. Surface charge is an important parameter that
determines the structure and function of a biomolecule. For instance,
electrostatic interaction plays a key role in protein folding [42] and
protein aggregation [43-45], which is responsible for pathogenesis of
neurodegenerative diseases [46-48]. Thus KPFM imaging technique
may lead the way to study the charge characteristics of a disease-spe-
cific biomolecule.

Since the sample surface and the cantilever tip constitutes a capa-
citive system, the energy stored in a capacitor (U.p) is given by

1

ljcap = EC(AV)Z )
where C is the capacitance of a system composed of the sample and the
AFM cantilever tip, and AV is the difference in electrical potentials
between the sample surface and the AFM cantilever tip. The force (F)
acting on a cantilever can be obtained by differentiation of U.q, with
respect to the distance (Z) between the sample surface and the AFM
cantilever tip. That is,

dUcap 1dC
== = ——=(AV)?
daz 2 dZ( ) 3
Here, AV can be separated into DC and AC term as follows.
AV = AVDC + AVAC Sin(a)[(pt) (4)

where wgp is the frequency applied to the probe tip. When (AV)? is
expanded, we have following three terms.

(AVuc)?

@av)* = [(AVDC)2 + 5

] - %(AVAc)ZCOS(ZwKP[)

+ 2(AVpe)(AVc) sin(wgpt) 5)

When the frequency (wgp) is chosen to be the resonant frequency of
the cantilever tip, the last term (i.e. wgp term) in Eq. (5) will dominate
the force response of capacitor. This leads to the force acting on the
cantilever tip as follows.

(6)

Here, it should be noted that AVp is given in the following form:
AVpc = AVpgapp — Ap, where A¢ is the difference in surface potential

dc .
F= _EAVDCAVAC sm(cuKPt)
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Fig. 1. Schematic illustration of AFM-based cancer diagnosis, which can be categorized into AFM imaging-based diagnosis and AFM nanomechanics-based diagnosis.
For AFM imaging-based diagnosis, cancer-specific biomolecules (via AFM imaging) and their surface charge (via KPFM imaging) can be imaged and detected. For
AFM nanomechanics-based diagnosis, the physical (i.e. mechanical) properties of cancer cells can be measured and imaged (i.e. via AFM nanomechanical mapping)
or the mass of molecules (e.g. peptides cleaved by matrix metalloproteinase) and cancer cells can be estimated (via vibrant cantilever sensor). Figures are adopted
with permission from Ref. [21, 66, 80] and adopted from Ref. [91] under Creative Commons Attribution License.

charges between the cantilever tip and sample surface. From Eq. (6), it
is straightforward to compute A¢ if F is measured.

2.3. Nanomechanical mapping

Nanomechanical mapping (NMM) allows for measuring the me-
chanical properties of a sample by mechanically indenting it. The
contact mechanics theory provides a relationship between the in-
dentation force (F) and indentation depth (d) of the sample. For an
elastic contact between AFM tip and sample (i.e. for small d without
any adhesion), Hertz theory [49] suggests

1

oF2 |}
d=|—5—
6By Refy %)
where
R el L ES B &
Egf ~ Er *h . Reff ~ Rr ' Rs

Here, E.y is effective elastic modulus, Ry is effective radius of
curvature, E is elastic modulus, v is Poisson's ratio, R is radius of cur-
vature, and subscripts T and S represent the AFM tip and sample, re-
spectively.
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For an elastic, adhesive contact between AFM tip and sample,
Johnson-Kendall-Roberts (JKR) theory provides the relationship be-
tween d and F such as [49]

2
3F + 187y + 3\/127yRey + (67yRey)* |°

4Eqy [Re

Here, v is a surface energy associated with adhesive contact, which
is given as y = P/3nR.¢ with P being a pull-off force. NMM based on
Hertz theory or JKR theory enables one to measure the elastic modulus
(and/or adhesive force) of a sample.

AFM-based NMM provides the high-resolution maps of modulus and
adhesion force for biological samples such as cells simultaneously by
scanning their surface [50,51]. NMM has been extensively employed for
evaluating the mechanical properties of cells including cancer cells
[52-54]. When cancer cells progress from a static phenotype to a me-
tastatic phenotype, the physical properties of cells change due to the
rearrangement of cytoskeleton network [55]. This change of physical
properties caused by biological changes can be measured by NMM for
cancer diagnosis.




T. Kwon, et al.

(a) / Photodiode (b)

BBA - Reviews on Cancer 1871 (2019) 367-378

Cantilever Sl "
antilever tip
Laser — <
/ N\
Cantilever . ( ) ‘ o
I nteraction rorce
Sample Buifacemutme NN \ Sample
i i
Piezo Scanner
(c)
S —
Sample Sample

contact mode

tapping mode

Fig. 2. Schematic illustration of AFM imaging. (a) Main components of AFM instrument. (b) Principles of AFM imaging based on the interaction between AFM tip and
sample surface. (c) Two types of AFM imaging techniques, one of which is contact mode imaging (left), while the other is tapping mode imaging (right).

2.4. Vibrant cantilever-based detection

The equation of motion for a vibrating cantilever is given by [28]
(€]

where w(x, t) is the bending deflection of a cantilever as function of its
longitudinal coordinate x and time t, and pu and D are mass per length
and bending rigidity of the cantilever, respectively. For a vibrant can-
tilever, w(x, t) = u(x)-exp[jwt], where w and u(x) represent the resonant
frequency of a cantilever and its related bending deflection mode, re-
spectively, and j = v—1. Then, based on Eq. (8), the resonant fre-
quency (w) of a cantilever is given by

5)\7
w=|=| |—
L u ©

where L is the length of a cantilever, and A is a constant that satisfies a
transcendental equation such as cosA-coshA + 1 = 0. When biomole-
cules are adsorbed onto a cantilever, its resonant frequency decreases,
while the bending rigidity remains unaffected, since the elastic modulus
of a cantilever is about four orders of magnitude larger than that of a
biomolecule. The resonant frequency of a cantilever with biomolecular
adsorption is

-1
o =2
L
where Ay is the change in mass per length due to adsorbed biomolecules
such as Ay = Am/L with Am being the total mass of adsorbed biomo-
lecules. From Egs. (9) and (10), the total mass of biomolecules that
attach to a cantilever is calculated as

D(1 1
Y
Am—lE(a)/z _E)

ud?w(x,t) + DA*w(x,t) =0

D
M+ Au

(10

(1)

3. Atomic force microscopy imaging-based cancer diagnosis

AFM-based imaging and detection of biomolecules have been re-
ceiving attention, as AFM enables the recognition of disease-specific

biomolecules at molecular level. Conventional imaging methods, such
as fluorescence imaging, must involve chemical modification such as
labeling that affects the chemical environment of the molecule, which
interferes with precisely observing actual interactions between mole-
cules [56]. However, non-contact (i.e. tapping) mode AFM imaging
allows direct mapping without altering the structure of biomolecules
[57]. Mazzola et al. [56] used a photolithography technique to create a
biotin-streptavidin array on a substrate, and then succeeded in AFM-
based label-free imaging of biomolecules. Henderson et al. [58] de-
tected a virus particle by using a protein array-coated surface coupled
with tapping mode AFM imaging.

The sensitivity of AFM-based biomolecular detection can be im-
proved by surface patterning that allows for capturing the target bio-
molecule in a minimal sensing area, which has been accomplished via
dip pen nanolithography (DPN) [59] or aligned carbon nanotubes
(CNTs) [60], which has been shown to improve the detection limit of
AFM imaging-based biomolecular detection. For instance, aligned
CNTs-patterned surface has enabled the sensitive detection of marker
proteins at concentrations of < 1 pM. Cancer-specific marker proteins
expressed in cancer cells have been sensitively detected for effective
early diagnosis of cancer. For early diagnosis of cancer, it is essential to
detect and trace a small amount of carcinoembryonic antigens (CEAs)
expressed in few circulating tumor cells (CTCs) [61-63], specifically,
CEAs (or CTCs) at concentration of ~2.5ng/mL (or 1-10 CTCs per mL)
[64,65]. For highly sensitive detection of protein molecules, Kwon et al.
[60] considered a surface where individual CNTs are horizontally
aligned over the sensing area. When target biomolecules attach to the
CNTs, the height and surface roughness of the CNTs increase. Accord-
ingly, the CNTs-patterned surface coupled with AFM imaging has been
used for highly sensitive detection of CEAs expressed on few CTCs [66].
Here, to specifically capture CEAs, the surface of CNTs was chemically
modified using aptamers as receptor molecules. It is shown that CNTs-
patterned surface coupled with AFM imaging enables the sensitive,
label-free detection of CEA-related cell-adhesion molecule 5
(CEACAMS) expressed on CTC cells with the detection sensitivity of
0.001 cells/mL, or equivalently 20 CEACAMS5 molecules per micro-
meter in CNT (Fig. 3). In addition, AFM imaging provides the time-
dependent number of CEACAMS5 molecules bound to CNTs-patterned
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Fig. 3. AFM imaging-based sensitive detection of cancer-specific proteins, i.e. CEACAMS5 proteins expressed on circulating tumor cell (CTC). (a) AFM topographic
images of CEACAMS proteins (black dots) bound to carbon nanotube (CNT) patterned on a surface. (b) Number of CEACAMS5 proteins bound to CNT as a function of
CTC concentration. (c) AFM topology images of CEACAMS5 proteins bound to CNT with respect to time. (d) Number of CEACMAS proteins captured by CNT as a
function of time. The scale bar is 100 nm. Figure is adopted with permission from Ref. [66].

surface, which can be depicted by Langmuir kinetics.

N(£) = No[1 — exp(—ky1)] 12)

where N(t) is the time-dependent number of CEACAM5 molecules
bound to CNTs, Ny is the equilibrium value of the number of CEACAMS5
molecules captured by CNTs, and k; is a rate constant for binding be-
tween CEACAMS5 and CNT surface. Here, it should be noted that the
time constant for binding (z) is given by = = 1/k;. The kinetic rate for
binding between CEACAMS5 and aptamer-modified CNT surface was
found to be 0.06 min~*, which is equivalent to the time constant for
binding being 16.67 min. This implies that CNTs-patterned surface
coupled with AFM imaging allows fast and acute cancer diagnosis.

4. Kelvin probe force microscopy imaging-based cancer diagnosis

For sensitive, label-free imaging and detection of biomolecules, a
surface patterning based on DPN [67] or nanomaterial (e.g. CNT) is
useful. One of examples for KPFM imaging coupled surface patterning is
the visualization of DNA molecules that are bound to probe DNA mo-
lecules patterned by DPN [68]. This is attributed to the fact that the
backbone of DNA molecule bears negative charges that can be imaged
by KPFM. The surface charge of hybridized DNA molecule (i.e. double-
stranded DNA molecule) is twice as large as that of a probe DNA (i.e.
single-stranded DNA). Here, we note that though the surface patterning
is useful for KPFM imaging-based sensitive biomolecular detection, the
surface patterning is not always required at all.

KPFM has been highlighted due to its capability of not only de-
tecting specific biomolecules but also characterizing the interaction
between specific protein and small ligand (such as ATP or drug mole-
cule). In our previous study [21], it is shown that KPFM imaging allows
for quantitatively characterizing the interaction between protein kinase
(e.g. Abl tyrosine kinase) and small ligand. In particular, we showed
that AFM imaging is unable to distinguish unbound wild type protein
kinase from ATP-bound protein kinase (or drug-bound protein kinase),
because the ligand (e.g. ATP or drug molecule) is much smaller than the
spatial resolution of AFM imaging. On the other hand, KPFM imaging is
capable of label-free recognition of protein kinase in different states
such as unbound state, ATP-bound state, and drug-bound state, since
protein kinase is each state exhibits the different charge state due to the
fact that ATP exhibits the negative charge, while drug molecule (e.g.
imatinib) is electrostatically neutral. It is remarkably shown that KPFM
imaging enables the precise recognition of protein kinase in unbound,
ATP-bound, or drug-bound state with single-molecule resolution
(Fig. 4). Our previous work [21] highlights the use of KPFM imaging to
quantify the efficacy of a drug molecule, suggesting the application of

KPFM imaging for drug-screening at single-molecule level.

Lee et al. [69] reported the ability of KPFM imaging coupled with
DNA-capped nanoparticle (DCNP) to sensitively detect the genetic
mutation of cancer-specific DNA sequence. The nanoparticles functio-
nalized with probe DNA, which are able to capture the specific target
DNA (e.g. cancer-specific DNA), were used as surface charge amplifier
for KPFM imaging. Lee et al. considered the wild type (WT) and mutant
BRCAL1 gene (responsible for breast and/or ovarian cancer) as a target
DNA. When the target BRCA1 gene was bound to DCNP, the surface
charge of DCNP changed due to the negative charge of the target DNA.
The ability of KPFM imaging to discriminate WT BRCA1 gene from its
mutant was shown to be due to the negative charge of WT BRCA1 DNA
being different from that of BRCAl-mutant DNA. They showed that
DCNP capturing WT BRCA1 DNA exhibits higher surface charge state
than DCNP interacting with BRCAl-mutant DNA. This work suggests
the possibility of KPFM imaging to detect genetic information of cancer-
specific DNA such as single-nucleotide polymorphism (SNP). Similarly,
Jang et al. [70] reported the ability of KPFM coupled with DCNP to
detect cancer-specific DNA sequence, i.e. DNA sequence for Kirsten rat
sarcoma viral oncogene homolog (KRAS) and epidermal growth factor
receptor (EGFR). They showed that DCNP interacting with KRAS-mu-
tant DNA exhibits higher surface potential than DCNP bound with WT
KRAS DNA. They have also shown that KPFM imaging coupled with
DCNP allows for detecting EGFR-specific DNA molecules even at a
concentration ~3 pM.

5. Nanomechanical mapping-based cancer diagnosis

As the shape of early cancer cells is very similar to that of normal
cells, it is very difficult to distinguish them morphologically; however,
their mechanical properties have subtle differences [71,72], which AFM
can help distinguish. AFM-based mechanical indentation (i.e. NMM)
has been used to recognize the metastatic cancer cells obtained from the
body fluids of patients suffering from various cancers such as lung
cancer, breast cancer, and pancreas cancer. For example, Gimzewski
et al. [73] reported that the stiffness (Young's modulus, E) of cancer
cells, measured from the force-displacement curves acquired from AFM-
based indentation experiment, is > 70% less than that of benign cells
that line the body cavity.

NMM measurements of elastic properties of biological samples has
been used for cancer diagnosis [74,75]. Geahlen et al. [76] mapped the
nanomechanical properties of live MDA-MB-231 breast cancer cells
either lacking or expressing Syk (spleen kinase) proteins by using multi-
harmonic AFM. Here, Syk, a modulator of immune recognition receptor
signaling, plays important roles in tumor progression and inhibits
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Fig. 4. KPFM imaging-based analysis of interaction between cancer-specific proteins and drug molecules. (a) Tapping mode AFM images of Abl tyrosine kinase
(marked as a white arrow) in unbound state (left), ATP-bound state (middle), and imatinib-bound state (right). (b) AFM height profiles of Abl tyrosine kinase in three
different states. (c) Average height of imaged Abl tyrosine kinase in three different states. (d) KPFM images of Abl tyrosine kinases (marked as a white arrow) in
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Average surface potential of imaged Abl tyrosine kinases in three different states. Figure is adopted with permission from Ref. [21].
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Fig. 5. (a) Schematic representation of the operation of peak-force modulation AFM for imaging live cells. The peak value of the periodic force (Fsp) resulting on the
tip as a consequence of sinusoidal actuation on the cantilever (at frequency fpr with amplitude Apr) is used for feedback control. Real-time measurements of the force
versus tip-sample distance are converted into force-indentation curves that are fitted to Sneddon equation for a conical indenter for obtaining the elastic modulus of
live cells. (b) Comparison of average values of Young's modulus for single cells obtained by either low loading rate indentation at 1 Hz or peak-force modulation mode
at 250 Hz. (c)—(e) AFM topology images of (c) healthy MCF-10A cell, (d) non-invasive MCF-7 cells, and (e) invasive MDA-MB-231 cells. (f)-(h) Nanomechanical
mapping images of (f) healthy MCF-10A cells, (g) non-invasive MCF-7 cells, and (h) invasive MDA-MB-231 cells. Figure is adopted with permission from Ref. [80].

cellular motility and metastasis in highly invasive cancer cells. They
examined how the Syk expression affects the physical properties of an
invasive breast cancer cell line. The height and elasticity of highly in-
vasive breast carcinoma cells with Syk expression were measured. This
study proved that multi-harmonic AFM can help distinguish the nano-
mechanical properties of live cancer cells from those of normal cells.
NMM also enables tracking tumor progression by measuring variations

in the cell mechanical properties as a function of metastatic potential.

Cancer progression makes different states of cytoskeleton tension
resulting in the change of cell stiffness during cancer development
[77-79]. The physical state of cytoskeleton is affected by actin fibers,
which are bundles or networks organized within cells. San Paulo et al.
[80] reported differences between the stiffness of normal cells and
breast cancer cells, which depend on the conformation of the F-actin
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cytoskeleton structures. They showed high-resolution tomography and
stiffness image of actin filaments within living cells with different de-
grees of malignancy, such as MCF-10A (healthy), MCF-7 (tumorigenic,
non-invasive), and MDA-MD-231 (tumorigenic, invasive) by using peak
force modulation AFM (Fig. 5a, ¢ — h). They compared Young's modulus
of three cell lines with different degrees of malignancy (Fig. 5b).
Moreover, Iyer et al. [81] reported how the mechanical properties of
cancerous and normal epithelial cells are determined by using AFM
indentation and SEM imaging. It was found that the mechanical prop-
erties of cells are dependent on a brush layer on the cell surface. In
particular, the distribution and length of brush layer on the surface of
epithelial cell determine its mechanical properties in such a way that
the different distribution and length of brush layers result in the stiffer
cancerous epithelial cells when compared with normal epithelial cells.
In addition, the relationship between the elastic property of cells and
protein molecules inside cells has been investigated. For instance,
Gunning and coworkers [82] found that the elastic modulus of a cell is
regulated by tropomyosin isoform composition of actin cytoskeleton
inside the cell. Furthermore, how chemical treatment or micro-
environment affects the elastic property of cells has been studied.
Specifically, Heu et al. [83] studied how chemical treatment of human
epithelial cells makes effect on their elastic modulus. It is found that
Glyphosate, which is a chemical found to increase the risk of cancer,
increases the elastic modulus of epidermal cell. A recent study by Li
et al. [84] reports that drug treatment (e.g. using rituximab) results in
the first decrease of elastic modulus of cell (e.g. Raji cell) followed by
the increase of cell elastic modulus. Since the elastic modulus of tumor
cells is found to be related to their uncontrolled division and migration,
the drug has to be designed such that the drug can affect the mechanical
properties of tumor cells leading to the prevention of cancer cell pro-
pagation. A previous study by Guo et al. [85] suggests that micro-
environment condition (e.g. cell-to-cell contact) also plays a role in
determining the elastic modulus of epithelial cells. Plodinec et al. [86]
reported the stiffness map of cancerous (or normal) cells within tumor
microenvironment by NMM. The stiffness map of malignant cells ob-
tained from a breast cancer patient shows a broad distribution of elastic
modulus with a prominent low-stiffness peaks representing the prop-
erties of cancerous cells. This work suggests that NMM of tissue samples
(i.e. biopsies) is useful for quantitative diagnosis and prognosis of
cancer.

6. Vibrant cantilever-based cancer diagnosis

As described earlier, cantilever-based biomolecular detection can be
implemented by measuring the cantilever's bending deflection change
[23] or frequency shift [28] due to biomolecular interactions. As the
resonant frequency of a cantilever is determined from its mass and
stiffness [87], a resonant cantilever is useful in measuring the mass of
specific biomolecules. The detection principle of resonant cantilever-
based sensing is well described in Section 2.4 and in literatures
[25-27,88] including our previous work [28].

Here, we review AFM cantilever-based characterization of enzy-
matic cleavage due to matrix metalloproteinase (MMP) that is ex-
pressed on the surface of cancerous cells [39]. MMP plays a key role in
degrading the extracellular matrix, which is necessary for cancer me-
tastasis [89,90]. Fig. 6 shows the schematic illustration of cantilever-
based characterization of enzymatic cleavage by membrane type 1-
MMP (MT1-MMP). When MT1-MMP interacts with a peptide-im-
mobilized cantilever, the cleavage of peptides functionalized on the
cantilever decreases its overall mass, and consequently increases its
resonant frequency. The resulting shift in the resonant frequency is
represented in the form of Aw(t) = Awg[1 - exp(—kpt)], where k;, is the
kinetic rate of enzymatic cleavage, and Awg is the equilibrium (i.e.
steady-state) value of the resonant frequency shift. The values of k, and
Awq depend on the MT1-MMP concentration. It is shown that a drug
molecule (GM6001) is able to effectively inhibit the MT1-MMP-driven
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enzymatic cleavage. To evaluate the potential of AFM cantilever for
cancer diagnosis, we took into account the cantilever-based detection of
the proteolytic activity of MT1-MMP extracted from the membranes of
live cancer cells (i.e. HT1080 cells) and them treated with GM6001 or
small interfering RNA (siRNA). Though the western blot analysis con-
firms that siRNA regulates MT1-MMP, the western blot is unable to
confirm the ability of GM6001 to regulate the activity of MT1-MMP.
However, the vibrant cantilever sensor enables the quantitative char-
acterization of the proteolytic activity of MT1-MMP regulated by both
siRNA and GM6001. While the resonant frequency shift is clearly seen
for the case of HT1080 cells, the resonant frequency of AFM cantilever
is mostly unaffected by injection of cell lysates of HT1080 treated with
GM6001. This confirms that GM6001 is able to effectively regulate the
proteolytic activity of MT1-MMP. Our previous work [39] sheds light
on the cantilever-based detection, which will open a new avenue for
fast and point-of-care cancer diagnosis.

To further the realization of cantilever-based cancer diagnosis, we
employed a peptide-functionalized cantilever sensor with using a
clinically relevant samples such as blood from animals or cancer pa-
tients [91]. In particular, we used a cantilever biosensor, whose surface
was functionalized with peptides that are able to specifically interact
with MMP2, for analyzing the progression of lung cancer. We have
shown that the secretion level and proteolytic activity of MMP2 can be
quantitatively correlated with not only the type of cancer cells but also
the tumor growth state based on the results of cantilever bioassay using
animal blood (Fig. 7a-d). Furthermore, cantilever-based diagnosis
using the blood droplet of lung cancer patients showed that the amount
of frequency shift (proportional to the secretion level of MMP) and the
kinetic rate of proteolysis are critically dependent on the level of cancer
metastasis, in such a way that the more distant metastasis (or the more
spreading of tumors to regional lymph nodes), the higher values of
frequency shift and the kinetic rate of proteolytic activity (Fig. 7f-i).
This implies that the level of cancer development can be quantitatively
analyzed using the AFM cantilever bioassay, which the conventional
diagnosis toolkits are unable to do.

In addition to the ability of vibrant cantilever to detect cancer-
specific proteins, the cantilever sensor is able to quantitate the dy-
namics of biological organisms (e.g. virus, bacteria, and cancer cells)
and their response to chemical treatment (e.g. drug molecule injection).
A previous work by Park et al. [92] showed that a vibrant cantilever
sensor is able to measure the mass of cells as well as the change of cell
mass during cellular growth. A pioneering work by Longo et al. [93]
first reported the metabolic dynamics of bacteria and its response to
antibiotics by measuring the bending fluctuation of a cantilever due to
the dynamics of the bacteria and also its response to antibiotics. In
particular, they studied the metabolic dynamics of E. coli as a function
of glucose concentration by evaluating the fluctuation of cantilever's
bending deflection due to the metabolism of E. coli. In a similar spirit,
Muller and coworkers [94] employed a cantilever sensor for studying
the dynamics of live mammalian cells under their growth and cellular
process. They measured the fluctuation of cell mass due to cellular cycle
by measuring the frequency behavior of a cantilever sensor, onto which
a live mammalian cell was attached. Moreover, it was shown that for a
mammalian cell infected with virus, the cell mass is not significantly
increased when compared with a wild type mammalian cell, indicating
that virus infection arrests the cell growth (Fig. 8). Though a recent
study by Muller and coworkers reports the cantilever sensor-based
characterization of the dynamics of cells, their method can be further
extended for studying the dynamics of live cancer cells and their re-
sponse to chemical treatment with drug molecule. In other words,
cantilever sensor exhibits a great potential in quantitatively studying
the properties and dynamics of live cancer cells. Recently, a resonant
microchannel-embedded cantilever developed by Manalis and collagues
has been shown to be able to measure the increase rate of the mass of
single cells during their growth [95] as well as the change of cell mass
for tumor cells due to drug treatment [96].
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Fig. 6. Schematic illustration of cantilever sensor for de-
tecting the proteolytic activity of membrane type 1-matrix
metalloproteinase. (a) Preparation of a peptide-functionalized
cantilever. (b) Chemical structure of peptide sequence with
cleavage site highlighted in yellow. (c¢) Experimental setup
and sensing mechanisms. = APTMS = 3-aminopropyl-
trimethoxysilane, = mPEG = monomethyl  poly-(ethylene
glycol), PSD = position-sensitive detector. Figure is adopted
with permission from Ref. [39].

diagnosis, such as AFM/KPFM-based analysis of biomolecular interac-
tions at single-molecule resolution. The high resolution AFM imaging-

(d)

based analysis helps in the early cancer diagnosis due to its high
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Fig. 7. (a) Nanomechanical detection of MMP2 molecules secreted from cancer cells during their progression. The mass of cleaved peptide chains due to MMP2
molecules that are likely to be secreted from different types of cancer cells such as H460, A549, and H322 cells, respectively. (b) Photographic images of tumors at
two different stages, i.e. stage I and II. Scale bar is 10 mm. (c) The weight of tumors at these two different stages. (d) In situ measurement of the mass of cleaved
peptides due to MMP2 secreted in the blood of mouse at two different stages. (e) The total mass of cleaved peptides and the kinetic rate of proteolysis due to MMP2 in
the blood droplet of cancer patients. (f) The total mass of cleaved peptides with respect to the level of distant metastasis. (g) The kinetic rate of proteolysis as a
function of the level of distant metastasis. (h) The total mass of cleaved peptides with respect to the degree of spread to regional lymph node. (i) The kinetic rate of
proteolysis as a function of the degree of spread to regional lymph node. Figures are adopted from [91] under Creative Commons Attribution License.
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Fig. 8. (a) Schematic illustration of cell-to-cell virus infection. An uninfected HeLa cell, which was attached on the cantilever's surface, is held for 5 min close to the
virus-infected BSC40 cell. (b) Fluorescence image of HeLa cell infected with virus on a cantilever's surface. (c) Time-lapse fluorescence images of an uninfected HeLa
cell (left) or virus-infected HeLa cell (right) on the cantilever's surface. The fluorescence label eGFP was attached to the virus. (d) The time-dependent cell mass of
uninfected HeLa cell (black) or virus-infected HeLa cell (red) under cell growth. Figure is adopted with permission from Ref. [94].

detection sensitivity close to single-molecule level. KPFM imaging-
based analysis can help evaluate the ability of a drug molecule to
regulate the interaction between a specific protein and a ligand, im-
plying the potential of KPFM imaging as a nanotechnology toolkit for
molecular-level drug screening. In addition, as it enables the quantita-
tive characterization of biomolecular binding, the AFM/KPFM imaging-
based analysis can be further extended for mapping the binding affi-
nities between various protein molecules. This mapping is of great
importance in proteomics to gain insights into the cellular signaling or
regulation of such signaling, which determines the cellular functions
[97,98].

AFM-based NMM plays an important role in characterizing the
physical properties of cancerous cells or tissues. The elasticity of cancer
cells is dependent on the distribution of cytoskeleton and actin within a
cell or brush layer on the cell surface. Thus AFM NMM allows for
quantitatively monitoring the status of cancer, and functions as a na-
noscale biopsy at high resolution and precision affording early cancer
diagnosis or sensitive cancer prognosis.

Furthermore, AFM cantilever can serve as a nanomechanical
bioassay toolkit for quantitative characterization of biomolecular in-
teraction such as enzymatic cleavage (driven by MMP) necessary for
cancer diagnosis/prognosis, which the conventional bioassay is unable
to do. More importantly, AFM cantilever is able to quantitate the ac-
tivity of MMP expressed on cancer cells that are regulated by drug
molecule. This indicates the ability of cantilever bioassay to quantitate
the status of cancerous cells. As the level of cancer progression is highly
correlated with the amount of MMP [99] that is able to degrade ex-
tracellular matrix environment, the cantilever bioassay is capable of
quantitating the level of cancer progression (e.g. tumor growth state or
the level of cancer metastasis) by measuring the secretion level and
proteolytic activity of MMP released from cancer cells during cancer
development. The AFM cantilever bioassay is able to quantitate the
level of cancer metastasis using a drop of blood from cancer patients. In
addition, AFM cantilever can be employed for studying the dynamics of
live cells (including live cancer cells) as well as their response to che-
mical treatment, which implies a great potential of AFM cantilever for
cancer diagnosis and therapeutics.

Here, it should be noted that most of research works introduced in
this paper considered the label-free, sensitive detection of cancer-spe-
cific biomolecules using a prepared solution (e.g. buffer solution con-
taining biomolecules, solution obtained from cell lysate or cell culture

medium, and so forth) rather than clinically relevant samples (e.g.
blood, urine, etc.) except our recent study [91] reporting the ability of
vibrant cantilever to identify the status of cancer metastasis using a
blood droplet of cancer patient. For further application in cancer di-
agnosis, AFM-based diagnosis has to be extended by considering the
clinically relevant samples such as blood droplet (or urine) obtained
from cancer patients. In addition, it is still challenging for AFM-based
diagnosis to be employed for tracking the status of cancer progression
(e.g. metastasis) by quantitating the amount of cancer-specific biomo-
lecules released in blood from tumor cells. We anticipate that AFM-
based cancer diagnosis will be further extended for studying the cancer
progression, and that AFM-based cancer diagnosis will be added to
conventional cancer diagnostic approaches in order to improve the
accuracy and acuteness of cancer diagnosis.

Therefore, biomolecular detection based on AFM/KPFM/NMM
imaging or vibrant AFM cantilever will play an unprecedented role in
cancer diagnosis. The high detection sensitivity of AFM/KPFM imaging,
down to 1 pM, allows for early cancer diagnosis, where tracing the
amount of specific proteins (e.g. CEA) expressed on tumor cells is re-
quired. NMM imaging is able to distinguish cancer cells from normal
cells by measuring the physical (mechanical) properties of cells. The
AFM cantilever can quantitate the activity of proteinases expressed or
secreted from tumor cells, and hence the status of cancer development.
AFM cantilever is also capable of quantitating the dynamics of live
(cancer) cells and their responses to biochemical treatment. Thus we
believe AFM-based detection — both AFM/KPFM/NMM imaging and
AFM cantilever — may pave a way for developing a point-of-care and
fast diagnostic system enabling the early cancer diagnosis or cancer
prognosis.
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