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A B S T R A C T

Detecting the presence of circulating tumor cells (CTCs) in peripheral blood can be useful for monitoring
treatment in patients, metastasis prognosis, and even early detection. The epidermal growth factor receptor
(EGFR) is overexpressed in carcinoma, e.g. in colorectal cancer. Here, we use atomic force microscopy (AFM)
force spectroscopy to study the mechanical properties of A431 cells, which simulate EGFR-overexpressing epi-
thelial CTCs and were magnetically isolated by Bio-Ferrography (BF). BF is found useful in isolating individual
cancerous cells for mechanical testing, thus avoiding cell-cell interactions. Different stages in the pre-isolation
sample preparation steps (namely, cell fixation, PLL coating of the glass substrate, and immunomagnetic la-
beling) are found to affect the estimated Young's modulus. The BF magnetic isolation step itself does not change
the elasticity of the captured cells in comparison to the pre-isolated microbeads-bound cells. The reported in-
crease in the estimated Young's modulus between BF-isolated target cells and fixed cells that are not bound to
magnetic microbeads can be used as a quantitative mechanical indicator for objective detection of CTCs.
Furthermore, we report a 2.8-fold increase in the adhesion force between the AFM tip and the BF-isolated cells
compared to the pre-isolated magnetic microbead-bound A431 fixed cells. This adhesion force correlation could
potentially serve as an additional quantitative mechanical indicator for distinguishing between the target and
background cells, without the use of cell staining assay and subjective analysis by an expert pathologist. This
study demonstrates the powerful combination of the highly sensitive cell isolation by BF and the subsequent
analysis of mechanical properties of individual captured cancerous cells by AFM. This combination has potential
use in cancer research.

1. Introduction

The cytoskeleton is a complex network of protein filaments that play
an important role in cell motility, cell division, structural support, and
the mechanical properties of the cell (Alberts et al., 2002). The cytos-
keletal network is comprised of three types of protein subunits which
support the cellular membrane: actin microfilaments, intermediate fi-
laments, and microtubules, all of which regularly change their organi-
zation during various cellular activities. Changes in the stiffness of in-
dividual cells can reveal significant information about the re-
organization of these networks (Xu et al., 2012). These changes in cell
stiffness can be quantified by the Young's modulus of elasticity, E.

The actin filaments have been reported to be the main factor dic-
tating the mechanical properties of living cells. A high expression of
actin, as observed in nonmalignant cells, is accompanied by a large
value of Young's modulus. In contrast, lower expression of actin,

observed in malignant cells, is associated with a lower Young's modulus
(i.e. lower stiffness of the cell). Such measurements have been per-
formed for various types of cells, such as ovarian (Xu et al., 2012),
cervical (Zhao et al., 2015), and bladder (Ramos et al., 2014). It has
been suggested that cell stiffness can serve as a potential biomarker for
the detection of cancer-related alternations, and can potentially be used
to define cancer diagnosis and monitoring criterion (Ramos et al.,
2014). Several biomechanical assays have been used to study cell me-
chanics at the subcellular level, including optical tweezers, magnetic
beads, micropipettes, etc. (Suresh, 2007). Nevertheless, the ability to
control the lateral and vertical position of the atomic force microscope
(AFM) tip, along with the loading force being controlled with high
precision, have led to the AFM becoming one of the most versatile
approaches in biomechanical cell research (Rianna and Radmacher,
2016; Haase and Pelling, 2015; Sokolov et al., 2013; Sokolov, 2007).

The Hertz contact model, which has been widely used to calculate
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the Young's modulus of biological cells based on spherical indenters
(and is also used in the present study), describes the stresses arising
from the contact between two elastic spheres of different radii. This
model is based on the following assumptions (Dintwa et al., 2008;
Kuznetsova et al., 2007; Johnson and Johnson, 1987): (1) The material
of the contacting bodies is isotropic, homogeneous and linearly elastic,
namely it is represented by the Hooke's law; (2) The applied load is
considered to be static; (3) The contacting surfaces are considered to be
frictionless; (4) The indentation depth, δ, is small compared to the ra-
dius of the indented sphere, R (δ < 0.3 R) (Kuznetsova et al., 2007);
and (5) The deformations are small, i.e. less than 10% sample thickness
(nonlinearities that arise due to large deformations are not considered).

In the case of biological cells, the assumptions of the Hertz model
are not all valid. While the cell membrane can be considered isotropic,
the interior of the cell is anisotropic due to intracellular organelles and
cytoskeleton organization. Cells also have a highly heterogeneous
membrane structures, such as glycocalyx and membrane protrusions,
which may exhibit varying rigidity at different areas and might induce
frictional effects. Therefore, one cannot describe the elastic behavior of
biological cells with a single Young's modulus value, and the measured
Young's modulus needs to be correlated with the actual indentation
depth. One needs to carefully assess the lateral and vertical measured
cell dimensions, and accordingly choose the appropriate probe size.
This will eventually determine the maximal indentation depth that sa-
tisfies the controlled assumptions. It should also be noted that the
analyzed value of the Young's modulus for biological cells cannot be
regarded as an absolute value because of several uncertainties: (1) The
effects of loading rate (Li et al., 2008), tip geometry (Lekka, 2016;
Puricelli et al., 2015), medium composition (Nikkhah et al., 2011),
substrate type (Lekka, 2016; Domke et al., 2000), cell fixation (Codan
et al., 2013; Dokukin et al., 2013), etc.; (2) Data analysis methodology,
e.g. contact point evaluation (Crick and Yin, 2007), indentation depth
(Pogoda et al., 2012), etc.; (3) Heterogeneities on the surface and cy-
toskeleton arrangement of biological cells (Lekka, 2016); and (4) Cell
population heterogeneity due to the fact that cultured cells or cells
obtained from a living organism are not synchronized in their cell cycle.
Therefore, the measured Young's modulus can only be used in com-
parison to results obtained under the same measurement conditions
following identical sample preparation procedures. In order to avoid a
potential debate, we shall refer to our results reported in this paper as
measured estimated Young's modulus.

Several studies (Codan et al., 2013; Pogoda et al., 2012; Kuznetsova
et al., 2007) have suggested carrying out the AFM measurements on
fixed cells. Fixation of erythrocytes using 5% formalin has been re-
ported to lead to a 10-fold increase in the Young's modulus when
compared to living erythrocytes (Mozhanova et al., 2003). Other stu-
dies have shown an increase in stiffness of fixed cardio-myocyte cells by
a factor of 16 compared to living cells (Shroff et al., 1995). Although
both experiments used the same fixative at the same concentration, one
can see significant differences in the level of change in elasticity.
Therefore, it can be concluded that varying types of cells are affected
differently by the same fixative. A recent study assessed the Young's
modulus of two cell lines: mouse embryonic fibroblasts (3T3) and
human epithelial cancer cells (SW-13) via AFM measurements (Codan
et al., 2013). Both living and fixed cells (3.5% paraformaldehyde) were
studied. It was found that, with substantial statistical data, one can find
a correlation between the mechanical properties of living and fixed
cells. Furthermore, while living cells exhibited variance of the Young's
modulus with time out of physiological conditions, fixed SW13 cells,
which were analyzed after one day or one month since fixation, showed
no statistical difference in the stiffness.

Cross et al. (2007) reported a decrease of approximately 70% in the
stiffness of metastatic lung, breast, and pancreas cancer cells that ori-
ginated from body fluids, in comparison to healthy cells. It was reported
that not only can the mechanical analysis distinguish between can-
cerous and healthy cells, but it can also trace abnormalities in the

elastic properties of cells associated with disease progression and dif-
ferent metastatic potential.

Ferrography is a sensitive, non-destructive condition monitoring
method, which is based on magnetic isolation of ferromagnetic and
paramagnetic particles from liquids and their deposition onto a glass
slide for further microscopic and chemical analysis (Eliaz and Hakshur,
2012; Seifert and Westcott, 1972). Bio-Ferrography (BF) is a recent
modification of the traditional Ferrography, which was developed to
allow magnetic isolation of target cells and tissues (Eliaz, 2017; Eliaz
and Hakshur, 2012). This technique has been used for isolation of bone
and cartilage particles from synovial fluids for early diagnosis of os-
teoarthritis (Eliaz, 2017; Hakshur et al., 2011; Mendel et al., 2010), and
isolation of both polymeric and metallic wear particles from synovial
fluids for either design or failure analysis of artificial hip joints (Elsner
et al., 2011, 2010; Meyer et al., 2006). BF has also been used to isolate
cancer cells, with very promising results (Levi et al., 2015, 2014;
Turpen, 2000; Fang et al., 1999). Fang et al. (1999) used BF to isolate
rare MCF-7 breast carcinoma cells from human peripheral leukocytes
using anti-epithelial membrane antigen antibodies and a magnetic
colloid as immunomagnetic (IM) labeling. It was shown that the mor-
phology of the selectively captured cancer cells was well-preserved.
Levi et al. (2014) used BF to separate epidermal growth factor receptor
(EGFR) positive colorectal cancer cells (CRCs) from EGFR-negative
noncancer cells. EGFR-positive cancer cells could be separated from
either buffer (PBS) or human whole blood (HWB). The reported re-
covery values in that study were 78% from 1mL PBS and 53% from
1mL HWB, with a limit-of-detection of 30 and 100 target cells, re-
spectively. Later (Levi et al., 2015), design of experiments (DOE)
methodology was implemented to optimize the BF isolation procedure
for the EGFR high-positive circulating tumor cells (CTCs) application.
An outstanding recovery rate of as high as 97% was achieved in the
isolation of a very small number of target cells (2–100) suspended in a
small volume (1mL) of HWB, in a reduced number of 34 experiments. A
primary clinical investigation by the same group (unpublished data)
was next performed on blood samples drawn from 44 cancer patients
and three healthy donors. It was found that in 83% of the metastatic
CRC patient samples, at least one CTC could be identified un-
ambiguously using the optimized BF isolation procedure. These results
position BF as one of the most efficient and promising technologies for
cancer cell separation. Here, we further implement quantitative me-
chanical analysis for non-subjective characterization of the isolated
cancerous cells.

CTCs have mainly been studied in terms of enumeration and mor-
phological analysis as a guiding prognosis in metastatic cancer patients.
While numerous studies have investigated the mechanical properties of
cultured cancer cells by means of AFM as a biomarker for disease pa-
thogenesis and metastases potential, only few have focused on the me-
chanical properties of CTCs (isolated using size-based filtration)
(Osmulski et al., 2014; Chen et al., 2013). The emergence of BF as a
means for isolation of CTCs from whole blood, with attributes such as
high recovery rates and non-destructiveness of the captured cells, opens
new possibilities for characterization and analysis of CTCs at the single
cell level. Investigation of the mechanical properties of CTCs by means
of AFM force spectroscopy can potentially track variations in the elastic
properties of the isolated CTCs as a biomarker with disease pathogen-
esis, progression and different metastatic potential. The objective of the
present work is thus to investigate the effects of different stages of the
BF protocol on the mechanical properties of cancerous cells as mea-
sured by AFM force spectroscopy. The findings in this research can
potentially pave the way for future sensitive characterization, diag-
nosis, monitoring and treatment of metastasis in patients in a hospital
environment.
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2. Experimental section

2.1. The A431 cell line

In this study, A431 epidermoid carcinoma cells were used, simu-
lating EGFR-overexpressing epithelial CTCs. A431 cells express about
one million sites per cell of EGFR molecules (Derer et al., 2012). The BF
separation protocol was applied on A431 target cells in phosphate-
buffered saline (PBS). The A431 target cells were used either as living
cells with no fixation or fixed with 4% formaldehyde.

2.2. Antibodies and magnetic microbeads

The IM labeling model that was applied in this study is based on the
overexpression of EGFR on the surface of CTCs (as well as on the A431
target cells) (Derer et al., 2012), the ability of EGFR to be bound by the
EGFR specific antibodies, and the ability of anti-IgG microbeads to bind
to the capture antibodies. The IM model that was applied for A431 cell
isolation was introduced by Levi et al. (Levi et al., 2015, 2014). R-1
mouse anti-human EGFR antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA; 0.2mg/mL) was used as the capture antibody. Mi-
croBeads conjugated to monoclonal rat-anti-mouse IgG 2a+b antibody
(Miltenyi Biotec, Inc., Auburn, CA) were used for cell separation.

2.3. Sample preparation for AFM force spectroscopy experiments

2.3.1. A431 cell culture and maintenance
A431 cells were cultured in Dulbecco's Modified Eagle Medium

(DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glu-
tamine, 100 U/mL penicillin, 100 µg/mL streptomycin, and 12.5 U/mL
nystatin (Biological Industries, Israel) in a humidified 5% CO2 in-
cubator at 37 °C, according to ATCC A431 cell line protocol. The cul-
tured 431 cells were split 2–3 times a week for constant accessibility,
and harvested from the cell culture dish for further sample preparation
about 12–24 h before AFM experiments were conducted.

2.3.2. Living A431 cells
In order to study the mechanical properties of living cells, A431

cells were harvested, using pre-warmed 1× trypsin–EDTA solution,
about 12–24 h before force spectroscopy measurements were con-
ducted. The suspended living cells were seeded on sterilized 35mm
glass bottom Petri dish, 20mm Glass #0 (De-Groot, Israel), at a density
of about (1–2)× 105 cells per glass. The cells remained in the incubator
for 12–24 h to enable cell-substrate attachment with low confluent cell
concentration, to allow tip indentation of individual cells. This could
prevent cell-cell interactions that might add uncontrolled uncertainties
to repeated experiments. The medium was replaced right before the
indentation experiment with pre-warmed supplemented medium to
clear any dead cells that loosely attached to the coverslip or floated in
the medium, thus reducing the risk of tip contamination. The samples
were kept in the incubator until AFM measurements were conducted.

2.3.3. Fixed A431 cells
Cell fixation can prevent significant changes in the mechanical

properties of the cells during the following IM labeling and magnetic
isolation stages. Cell fixation preserves the micro-architecture and
structure of the cell, preserves the cell elasticity over time (Codan et al.,
2013), and allows AFM measurements in a wide range of temperatures,
culture media, and pH values (Grimm et al., 2014). However, as che-
mical fixation involves cross-linking of proteins in the cytoskeleton,
forming intermolecular bridges and networks of linked antigens, it
changes the mechanical behavior of the cells. Formaldehyde was
chosen in this study as the most proper fixative matter due to its ability
to preserve cells without promoting dehydration and porosity of the cell
membrane (in contrast to alcohols such as ethanol, which are known for
their rapid action and penetration into the cell, and their subsequent

dehydration of the cell).
In the case study of fixed cells, A431 cells were prepared according

to Section 2.3.1, followed by gentle wash with PBS to fully remove
remaining medium. Fixation with 4% formaldehyde for 20min was
carried out at room temperature. After the formaldehyde incubation
step, the Petri dish was washed twice with PBS for 5min. Samples were
maintained air-sealed and refrigerated (4 °C) until the AFM measure-
ments were conducted.

2.3.4. Fixed A431 cells attached to a PLL-treated surface
In biological research there are several coatings of glass or plastic

surfaces which lead to increased cell-substrate attachment, including
collagen I and IV, fibronectin (Cooke et al., 2008), or Poly-L-Lysine
(PLL). PLL surface treatment was chosen for this study because it is
suitable for attachment of suspended fixed cells (whereas collagen and
fibronectin are not). The mechanism of cell attachment to PLL-treated
surfaces is based on electrostatic interactions between the negatively
charged cellular membrane and the positively charged PLL-coated glass
surface. Thus, the PLL attachment mechanism is not dependent on cell
viability. PLL treatment has been reported to be effective in keeping the
analyzed cells immobilized while exerting forces on them by AFM tips
(Ebner et al., 2011; Colville et al., 2009).

To study fixed A431 cells cultured on a PLL-treated glass bottom, a
PLL surface coating was applied on the sterilized bottom of a glass Petri
dish prior to A431 cell culturing and fixation. The glass bottom was
immersed with 0.01% w/v PLL solution (Sigma, 0.1 w/v% PLL, 1:10
diluted with deionized water) for five minutes. The PLL solution was
then removed, followed by drying under clean atmosphere hood with
laminar airflow for a few hours.

2.3.5. A431 suspended fixed cells attached to PLL-treated surface
In this type of AFM force spectroscopy experiments, A431 cells were

harvested from the cell culture, and transferred to a 14mL tube. The
suspended cells were then fixed with 4% formaldehyde. The suspended
fixed cells were then seeded onto PLL-treated glass bottom Petri dishes
at a density of about (1–2)× 105 cells per glass. Samples were main-
tained air-sealed in refrigeration at 4 °C for up to 24 h, until AFM
measurements were conducted.

2.3.6. Suspended A431 fixed cells bound to magnetic microbeads and
attached to a PLL-treated surface

In order to investigate the effect of magnetic microbeads that were
bound to A431 fixed cells on the estimated Young's modulus of the cells,
an IM labeling procedure was conducted. A 2mL Eppendorf tube was
used for the IM model solution preparation (see Section 2.2). The tube
was filled with 0.3mL PBS and mixed with 3 µL EGFR-specific (R-1)
mouse anti-human IgG antibody (0.2 mg/mL) and 11 µL Miltenyi rat-
anti-mouse IgG antibody conjugated to microbeads. Next, it was in-
cubated at 4 °C for 20min. During the incubation time period, 9× 103

A431 suspended fixed cells (Section 2.3.5) were added into a 2mL
Eppendorf tube filled with 0.6 mL PBS and kept at 4 °C until the cocktail
(capture antibody + microbeads) incubation time was completed.
Next, an IM cocktail suspension in 0.1mL PBS was added to the cell
solution, followed by manual gentle shaking of the solution. The solu-
tion was then incubated for 2 h at 20 °C on a rotating orbital shaker
(100 rpm). After incubation, the solution was centrifuged and washed
with PBS (repeated two times). The described procedure is equivalent
to one flow channel in BF separation process (5 channels in total). The
mixture was then seeded on a PLL-treated glass bottom Petri dish, and
maintained air-sealed at 4 °C for up to 24 h, by then AFM measurements
were conducted.

2.3.7. A431 fixed cells BF-isolated on PLL-treated surface
To study A431 fixed cells that were captured using the BF cell iso-

lation procedure, cells were fixed as described in Section 2.3.5. In this
case study, PBS was used as a flow medium. The BF isolation procedure
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is described in Section 2.4. Following the BF isolation process, the
samples were maintained air-sealed at 4 °C for up to 24 h, by then AFM
measurements were conducted.

2.4. Bio-Ferrography isolation methodology

The Bio-Ferrograph 2100 from Guilfoyle, Inc. (Fig. S3A) is a bench-
top cytometry-based instrument. It utilizes a magnetic field that has a
maximal field strength across an interpolar gap, where the collection of
magnetically susceptible particles takes place. Since the gradient of that
field is maximal at the edges of the gap, two parallel deposition strips –
primary and secondary – are formed (Fig. S3B), and a rectangular de-
position band can be observed on the ferrogram even by naked eye. A
very high magnetic flux density is established at the interpolar gap,
1.67 T in our case. The BF directs five sample volumes through a small
chamber (capture cell) over a glass substratum on the magnetic gap.
This type of configuration allowed simultaneous processing of five
samples under identical flow and magnetic field conditions (Eliaz and
Hakshur, 2012; Eliaz, 2017).

The isolation (optimized) procedure, which comprised of an IM la-
beling stage followed by BF isolation, was done as described by Levi
et al. (2015). The capture Ab EGFR (R-1) mouse-anti-human IgG anti-
body was mixed with microbeads conjugated to monoclonal rat-anti-
mouse IgG antibody and incubated at 4 °C for 20min. 1 mL of PBS
samples spiked with 9×103 A431 target cells were prepared. The
samples were incubated with the cocktail suspension at 20 °C using an
orbital shaker (100 rpm). Following the incubation time period, the
solution was centrifuged and washed with PBS.

The isolation by BF was conducted as follows, using a desktop Bio-
Ferrograph 2100 (Guilfoyle, Belmont, MA). All samples were washed
before the BF separation and adjusted to a fixed volume of 2mL with
PBS. The BF separation process started by filling the capture cell and
the reservoir with 0.55mL PBS at a flow rate of 1mL/min. This was
followed by adding the sample with target cells to the reservoir, then
isolating the target cells within the deposition band at a predefined flow
rate of 0.021mL/min. Finally, the chambers were washed with 0.1 mL
of PBS at the same flow rate. The slide with the isolated cells (ferro-
gram) was separated from the BF and examined under an inverted
microscope (Olympus IX71). The cells were now ready for AFM force
spectroscopy measurements.

2.5. Atomic force microscopy methodology

AFM experiments were conducted using a NanoWizard-III Bio AFM
(JPK Instruments, Berlin), mounted on an inverted optical microscope
(Olympus IX81, Tokyo, Japan), which was placed on top of an anti-
vibration table, at × 20 and ×50 magnifications. The AFM head en-
ables closed-loop reproducible tip positioning. AFM force spectroscopy
(contact) mode was used in all experiments. Commercial silicon nitride
cantilevers coated with reflex gold for better laser reflectivity were
used, with a nominal spring constant of 0.08 N/m and a length of
200 µm. Silicon dioxide spherical tips were used, with a nominal tip
diameter of either 2 or 3.5 µm (Sqube, Germany). The spherical tip was
a preferred probe geometry (compared to standard sharp-end probes)
due to attributes such as (Puricelli et al., 2015): (1) more uniform stress
and strain distribution (it reduces the applied stress that acts on the cell
surface), (2) less surface and in-cell heterogeneities.

All experiments were conducted in liquid, where the liquid type was
chosen according to the nature of the experiment (PBS for fixed cells,
supplemented DMEM for living cells). To this aim, the AFM was
equipped with a liquid cell setup. For experiments involving living cells,
a temperature control system (JPK's Petri Dish Heater) was used,
keeping the analyzed cells at near-physiological conditions (37 °C).
Carbon dioxide was not controlled. In certain experiments, A431 cells
were transfected to stably express a red (mCherry) fluorescent protein,
thus enabling their observation by fluorescent microscopy.

Prior to each cell indentation experiment, a system calibration was
performed. It is noted that due to fabrication variance, the mechanical
properties (such as spring constant and resonant frequency) of different
cantilevers might differ slightly, hence, calibration is essential. The
calibration consisted of two stages – calibration in air and calibration in
liquid. Calibration in air was performed to determine the exact spring
constant of the cantilever using the thermal tune method, while cali-
bration in liquid was performed in order to determine the cantilever
deflection sensitivity, by deflecting the cantilever on a hard surface
(where cells are not present). The cantilever sensitivity calibration en-
abled the conversion of voltage changes in the photodetector signal due
to cantilever deflection into metric units. In order to obtain force va-
lues, the classical beam theory (F= kd, where k is the cantilever spring
constant and d is the cantilever deflection) was employed.

All force-indentation curves were conducted on randomly chosen,
well-immobilized, separated individual cells, to eliminate the possible
effects of neighboring cells on the cytoskeleton organization. The po-
sition of the AFM probe on a cell is shown in Fig. S1 (Supplementary
data). Loading parameters were as follows: approach velocity of 2 µm/s,
piezo target height of 7.5 µm, z-length of 5 µm, extended speed equals
1 µm/s. In each case, a proper set-point loading force was determined
prior to data acquisition in order to achieve the desired indentation
depth. This was performed by acquiring a series of ascending values of
set-point forces. To obtain an accurate position of the AFM tip over the
areas of interest during force-indentation curve acquisition, an optical
overlay calibration was performed over 100×100 µm2 area, with a
5×5 µm2 calibration grid.

In order to account for the inherently heterogeneous nature of each
cell, the heterogeneity of the cell population, and the uncertainty in the
exact location of the nucleus, a grid scan methodology was employed.
This type of measurement methodology allowed the collection of ex-
tensive statistical data for each case study and for each analyzed cell.
The grid size was set to a square of either 3×3 µm2 or 2× 2 µm2

(depending on the shape of the examined cells), with 8× 8 data ac-
quisition points, which resulted in 64 force-indentation curves per cell
(the number of analyzed cells in each condition is specified in Section
3).

All collected force–indentation curves were analyzed using JPKSPM
Data Processing software ver. 5.0.81 (JPK, Germany), using the Hertz
contact model. For each case study, force-indentation curves were
collected using the batch processing mode. Only the extension force
curves were processed for each indentation. In order to evaluate the
contact point, where the force curves first cross the zero force line, zero
baseline was carried out, followed by contact-point evaluation process.
In order to determine the actual cell indentation depth, the tip-sample
separation was calculated.

To estimate the elasticity of the examined cells, expressed by the
estimated Young's modulus, the collected force-indentation curves were
fitted with the Hertz contact model for spherical tips, taking into ac-
count the appropriate tip radius used (either 1 or 1.75 µm). The
Poisson's ratio was taken as 0.5, which represents an incompressible,
linearly elastic solid at small strains (Berdyyeva et al., 2004). The
predefined indentation depth (either 300 or 500 nm) was obtained by
fitting using the Hertz model, according to the tip radius used. De-
pending on the sample type, pre-measurement calibration of the ne-
cessary loading force that results in sufficient indentation depth for the
specific cell population was performed. During the manual fit process,
each force-indentation curve was manually examined, and curves that
showed inappropriate behavior or invalid fit were excluded.
Throughout this manuscript, the estimated Young's moduli are re-
ported, and comparison is made only between results obtained under
the same experimental conditions. Data which was acquired with dif-
ferent tip diameters is not compared. Table S1 (Supplementary data)
summarizes the experimental conditions that have been used and re-
ported by other researchers for construction of AFM force-indentation
curves of healthy and cancer cells. This information is provided here for
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comparison, and as a useful tool for interested users.

3. Results and discussion

The BF isolation of CTCs consists of multiple sample preparation
steps, such as sample washing and IM labeling of the target cells, fol-
lowed by 2 h incubation with the cocktail suspension at 20 °C, with
additional sample maintenance under non-physiological conditions (at
4 °C), and then the isolation process itself. Each step potentially in-
troduces significant physiological and morphological changes of the
target cells, including considerable effects on the cytoskeleton network
reorganization and nuclear fragmentation. These effects might result in
significant changes in the mechanical properties of the target cells due
to the high dependence of the cell elasticity on cytoskeleton organiza-
tion.

3.1. A431 cell line elasticity changes due to fixation

In order to determine the effect of fixation, AFM force spectroscopy
of individual cells was performed on both living and fixed A431 cells
before the BF isolation stage. The force-indentation curves describe the
mechanical response of the subjected cells to an applied load.
Therefore, in order to extract quantitative distinction between the force
curves of living and fixed cells, the Hertz contact model for a spherical
indenter with 300 nm indentation depth was fitted, and the estimated
Young's moduli of the two examined cell types were calculated.

Typical force-indentation curve (extension phase) and fitting curve
for a selected fitting range are presented in Fig. 1. In this figure, the
extension (red) curve reflects the measured data, the fitted (green)
curve is the Hertz contact model fit to 300 nm, and the blue dash line
shows the Hertz extrapolation. The Hertz model fit shows good agree-
ment with the experimental data.

The Young's moduli for living (ncells = 21, ncurves = 954) and fixed
(ncells = 16, ncurves = 600) A431 cells were determined by generating
cell population distribution histograms (Fig. 2B and A, respectively),
which represent the total force-indentation analyzed curves for each
cell line. The analysis shows that for the living A431 cells, the mean
estimated Young's modulus is 0.48 ± 0.17 kPa, while for the fixed
A431 cells it is 1.62 ± 0.73 kPa (Fig. 3A and B, respectively). This
approximately 3-fold increase in the estimated elastic modulus (stiff-
ness) can be explained by the chemical fixation process, which results in

cross-linking of the cytoskeleton proteins in the interior of the cell and
cross-linking of proteins on the cell membrane. The cross-linking forms
intermolecular bridges, creating a network of linked antigens and, thus,
changing the mechanical properties of the cell.

The estimated Young's modulus frequency histogram data is best
represented by the lognormal distribution fitting. No adhesion between
the AFM probe and the examined cells was observed for both living and
fixed cells (in the order of magnitude of pN). Student's t-test (p < 0.05)
showed a significant difference between the measured Young's moduli
of the living and fixed cell cultures, with significant difference
(p < 0.05) within the examined cell population.

3.2. A431 cell line elasticity changes due to substrate coating with PLL

The BF method involves isolation of magnetized target cells that are
suspended in a liquid solution onto a coverslip slide. For further ex-
amination and analysis, for example by light or scanning electron mi-
croscopy or various staining assays, the captured cells are usually air-
dried following the isolation process, which enables sufficient attach-
ment of the cells to the substrate. However, for AFM force spectroscopy
measurements, the examined cells should be fully immobilized onto the
slide surface and maintained in an aqueous environment to avoid any
membrane dehydration of the cells. In practice, suspended fixed cells do
not allow sufficient adhesion to a non-treated glass substrate. In order
to overcome this problem, PLL coating was applied onto the glass
surface. But, it is known that the substrate's properties influence the
organization of the cell cytoskeleton, thereby possibly affecting the
mechanical properties of the cells. To evaluate this possible effect, AFM
force spectroscopy mechanical analysis of individual A431 cells, cul-
tured on a PLL-treated surface and then fixed by 4% formaldehyde, was
conducted.

Throughout the AFM force spectroscopy analysis, the PLL surface
coating facilitated sufficient adhesion between the target cells and the
glass surface. The analyzed indentation curves were obtained and fitted
using the Hertz contact model for a spherical indenter and an in-
dentation depth of 300 nm. No adhesion between the AFM probe and
the examined cells was observed (at a pN order of magnitude). The
estimated Young's modulus was analyzed for 16 individual cells and a
total of 1265 force-indentation curves. Thus, the population distribu-
tion histogram shown in Fig. 2C was generated. The mean and the
standard deviation of the estimated Young's modulus were determined
by fitting the frequency histogram data with the lognormal distribution
fit. The analysis shows that for fixed A431 cell culture on a PLL-treated
surface, the estimated Young's modulus is 2.68 ± 0.97 kPa. Student's t-
test (p < 0.05) showed a significant difference of the estimated
Young's modulus of fixed A431 cell population on a PLL-treated surface
from fixed cell population on a PLL-untreated surface.

Comparing between A431 cell cultures on either PLL-treated or
untreated substrates (Fig. 3B and C, respectively), PLL-coating of the
substrate resulted in a 1.7-fold increase in the estimated Young's
modulus. Student's t-test (p < 0.05) showed a significant difference
(p < 0.05) between the measured estimated Young's modulus of fixed
A431 cells on either PLL-treated or untreated surfaces. This increase is
consistent with the results of Lekka (2016) who reported a 1.5-fold
increase in the estimated Young's modulus between PLL-treated and
untreated surfaces for HCV29 human bladder cells. It has been reported
that PLL can induce membrane rearrangement with the formation of
specific membrane deformation pattern within contact area
(Kuznetsova et al., 2007). It was claimed that the elastic modulus values
of cells adhered to extracellular matrix proteins that bind cells using
integrins are higher compared to cells on glass and PLL that adhere the
cells through nonspecific binding. The increase in the estimated Young's
modulus due to PLL coating can be explained by the interaction be-
tween the cultured cells and the surrounding environment, namely the
effect on the focal adhesion formation (Geiger et al., 2009) which
causes reshaping of the cells, which in return results in difference in the

Fig. 1. Typical force–indentation for A431 living cells. Data curves showing the
extension measured data (red line), the Hertz contact model fitting to 300 nm
(green line), and the Hertz model extrapolation (blue dash line). The zero value
on the x-axis represents the contact point. The negative values stem from the
compression action of the indenter. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).
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cytoskeleton reorganization (mainly, the actin filaments network)
(Rotsch and Radmacher, 2000) and in the elastic properties of the
analyzed cells.

3.3. A431 cell line elasticity changes due to binding to magnetic microbeads

The BF isolation in this study is based on IM labeling of target cells
which show high expression of EGFR on the membrane surface (such as
A431 cells). The EGFR, which is present on the cell surface, is bound by
EGFR specific antibody which is conjugated to anti-IgG MicroBeads
(iron oxide nanoparticles with 50 nm nominal diameter). This proce-
dure results in target cells that are bound to the microbeads and are
ready to be isolated from the cell suspension using the BF method. The
target cells are isolated from cell suspension onto a coverslip slide,

where the captured cells are fixed. This does not allow sufficient ad-
hesion to a non-treated glass substrate for proper AFM force spectro-
scopy tests. Therefore, PLL was used as a glass coating and showed
sufficient adhesion of the target cells to the glass surface.

To investigate the induced mechanical changes of suspended A431
fixed cells due to binding to magnetic microbeads, AFM force spectro-
scopy mechanical analyses of individual cells were performed on two
types of cell samples: (1) A431 fixed (in suspension) cells that were
attached to a PLL-coated glass bottom Petri dish in PBS buffer solution;
(2) as in (1), but the fixed cells were bound to magnetic microbeads
prior to the attachment to the PLL-coated surface. Both cell samples
showed sufficient adhesion to the PLL-coated surface throughout the
AFM force spectroscopy tests.

For this set of comparative measurements, we used a probe with

Fig. 2. Cell population histograms of the estimated Young's moduli with lognormal fitting. (A) Living A431 cells. (B) Fixed A431 cells. (C) A431 cells cultured on a
PLL-coated surface followed by fixation. (D) Fixed (in suspension) A431 cells attached on a PLL-coated surface. (E) Fixed (in suspension) A431 cells bound to
magnetic microbeads and suspended on a PLL-coated surface. (F) Fixed A431 cells after the BF isolation process.
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3.5 µm diameter, to increase the allowed indentation depth according
to the Hertz contact model assumptions. The analyzed indentation
curves were obtained and fitted using the Hertz model for an indenta-
tion depth of 500 nm. The estimated Young's modulus of the unbound
cell sample was analyzed for 18 individual cells and 747 force-in-
dentation curves in total, while for the magnetic microbead-bound cell
samples the data was analyzed for 20 individual cells and 1138 force-
indentation curves.

Using the estimated Young's modulus for each force-indentation
curve, population distribution histograms were generated (Fig. 2D,E).
The mean and the standard deviation of the estimated Young's modulus
were calculated by fitting the frequency histogram data with the log-
normal distribution fit. The analysis showed that the estimated Young's
modulus of the unbound cells was 2.49 ± 0.81 kPa, while that of the
magnetic microbead-bound cells was 13.2 ± 2.85 kPa. Student's t-test
(p < 0.05) showed a significant difference between the Young's moduli
of the two populations.

Comparing between the two cell populations (Fig. 4A and B), the
magnetic microbead-bound cells show a 5-fold increase in the estimated
Young's modulus. This increase in the estimated Young's modulus

clearly suggests that the magnetic beads-cell binding procedure results
in cell coating with magnetic microbeads, which causes an increase in
the apparent rigidity of the cells. As described in Section 2.3.6, the IM
labeling procedure was performed using 50 nm microbeads made of an
iron oxide core and a polymer shell. Iron oxide nanoparticles have been
reported as having a Young's modulus of approximately 2.3 GPa (Guo
et al., 2008). Thus, the beads used in this study are a few orders of
magnitude stiffer than biological cells, and the binding of the analyzed
cells to these microbeads can explain the significant increase in the
measured estimated Young's modulus of microbead-bound cells.

Furthermore, comparison between the two histograms in Fig. 2D,E
shows a significant increase in the histogram's full width at half max-
imum (FWHM), of approximately 4-fold, when the cells are bound to
magnetic microbeads. This implies on significant increase in the var-
iance in the measured value of the estimated Young's modulus. This
phenomenon can be explained by the methodology of the force mea-
surements (Section 2.5). The use of a spherical probe was based on the
collection of data using a grid of force measurements approximately
over the nucleus location. This methodology was chosen due to two
reasons. Firstly, it was reported that prolonged indentation of cells in
one location could result in reorganization of the cytoskeleton of single
cells. Secondly, using solely an optical inverted microscope, even at a
magnification of × 500, introduces uncertainty on whether the probe is
placed exactly over the nucleus location, where the cell surface is re-
latively flat. To say, the measurements were taken in various places
over the cell membrane surface. It is plausible that at each acquisition
point, the density of the magnetic microbeads coating was different due
to a non-homogenous dispersion of the EGFR receptor over the cell
membrane (see Fig. S2), and consequently the measured stiffness may
show increased variance for each individual cell. In addition, due to the
probe scanning methodology discussed before, which results in in-
dentation of certain overlapping contact areas of consequent data ac-
quisition points, bead detachment or relocation over the examined cell
membrane surface may occur. This can result in increased variance for
each individual cell stiffness. In terms of the overall cell population, it is
possible that due to the adsorption process of the cell suspension, the IM
labeling procedure was not completely homogenous. This can result in
different densities of bound magnetic microbeads within the labeled
cell population, which will result in increased stiffness variance within
a cell population.

Interestingly, in contrary to our previous report of low adhesion
between the tip and the examined cells during the phase of AFM probe
retraction (in the order of pN), in the case of A431 cells which had been
bound to magnetic microbeads – an increase in the adhesion force be-
tween the silicon dioxide AFM probe and the magnetic microbead-
bound cell was observed. The reason for this increase is not fully un-
derstood, yet several hypotheses can be ruled out: (1) Magnetic inter-
actions between the AFM probe and the magnetic microbeads. This can
be ruled out because the magnetic microbeads are made of an iron
oxide superparamagnetic material, which results in zero apparent
magnetic field when no external magnetic field is applied. (2)
Electrostatic interactions between the AFM probe and the magnetic
microbead-bound cells. This can be ruled out based on our measure-
ments of the zeta potential of magnetic microbeads suspension in 1mM
KCl, which yielded a negative surface charge of the magnetic mi-
crobeads (–0.54mV). In addition, it was reported that a silicon dioxide
AFM probe with a nominal diameter of 2 µm also has a negative surface
charge in 1mM KCl (Barisik et al., 2014), thus adhesion due to elec-
trostatic interaction can be ruled out. A typical force-indentation curve
for a fixed A431 cell that had been bound to magnetic microbeads is
presented in Fig. 5A. It illustrates the adhesion force between the AFM
tip and the cell. The mean probe-cell adhesion force was analyzed for
the retraction phase of the force-indentation curve for 20 individual
cells and 1138 force-indentation curves. Thus, a population distribution
histogram was generated (Fig. 5B). The mean and the standard devia-
tion of the tip-cell adhesion were calculated by fitting the frequency

Fig. 3. Summary of the effect of different stages in the preparation of samples
for BF isolation on the estimated Young's modulus of A431 cells. Error bars
show the standard deviation from the mean value. A – living cells, B – fixed
cells, C – fixed cell after PLL coating. All measurements were made with a
nominal AFM tip diameter of 2 µm.

Fig. 4. Summary of the effect of different stages of the magnetic isolation itself
on the estimated Young's modulus of A431 cells. Error bars show the standard
deviation from the mean value. A – fixed cells in suspension, B – IM-labeled
cells, C – BF-isolated cells. All measurements were made with a nominal AFM
tip diameter of 3.5 µm.
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histogram data with lognormal distribution. The analysis shows that for
the cell samples that had been bound to magnetic microbeads, the
adhesion force is 1.59 ± 0.72 nN.

3.4. A431 cell line elasticity changes due to BF isolation from PBS

Here, the mechanical properties of fixed (in suspension) A431 cells
that had been captured using the BF protocol were investigated. The BF
method requires magnetic labeling of the non-magnetic target cells, e.g.
by IM with magnetic microbeads. In order to enable a proper com-
parison between the pre-isolated fixed A431 cells that had been bound
to magnetic microbeads and the BF-isolated cells, the same preparation
conditions were maintained, namely the same number of spiked target
cells, IM labeling procedure, surface treatment with PLL, probe type,
indentation depth, medium, etc. PBS served as the flow medium during
the isolation process. The Hertz contact model was used to determine
the estimated Young's modulus for 11 cells and 527 force-indentation
curves in total. Determining the estimated Young's modulus for each
force-indentation curve, a population distribution histogram was gen-
erated (Fig. 2F).

The analysis shows that for the cell samples that had been BF-iso-
lated, the estimated Young's modulus is 14.45 ± 3.04 kPa. Student's t-
test (p < 0.05) showed a significant difference between the estimated
Young's moduli of the BF-isolated and magnetic microbead-bound pre-
isolated cell populations.

Comparison between the two cell populations (Fig. 4B,C) revealed

no effect of the BF isolation process on the elasticity of the captured
cells. It is reasonable to assume that the variation between the two
analyzed moduli (9% relative error) is due to the difference in the
statistical data sample size (527 versus 1138 total analyzed force-dis-
tance curves for the BF-isolated cells and the microbeads-bound cells,
respectively).

The increase in the estimated Young's modulus between BF-isolated
target cells and fixed cells that had not been bound to magnetic mi-
crobeads can be used as a quantitative mechanical indicator for an
objective detection of captured cells. This is a more efficient, more
definite, more sensitive and less subjective way of analysis compared to
the approach of H&E staining of the BF-isolated matter followed by
morphological examination by an expert pathologist that we have used
before. The identification of the isolated target cells originated in HWB
is a challenging task for non-expert eyes, particularly due to the pre-
sence of mononuclear leukocytes, which might have been captured
during the BF isolation process and form background noise, and their
morphological resemblance to the isolated CTCs. The mononuclear
leukocytes are magnetically captured most likely by a mechanism of
non-specific binding to the magnetic microbeads. Nevertheless, it is
plausible that the number of non-specific bound magnetic microbeads
with the background leukocytes is significantly lower in comparison to
the number of EGFR bonding sites that are present on the membrane
surface of the target cells. All of these indicate that the magnetic bead
binding process serves as an amplifier of the elastic modulus only for
the target cells, and intensifies the signal-to-noise ratio between the

Fig. 5. (A) A typical force-indentation curve of magnetic microbead-bound fixed A431 cells on a PLL-treated glass surface (extension and retraction phases). (B) Cell
population histogram of the obtained tip-cell adhesion force with lognormal fitting for A431 cells bound to magnetic microbeads. (C) A typical force-indentation
curve for BF-isolated A431 fixed cells (extension and retraction phases). (D) A cell population histogram of the obtained tip-cell adhesion force with lognormal fitting
for BF-isolated A431 cells.
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target cells and the background captured cells.
Interestingly, the cell sample population which had been isolated

using BF in PBS medium showed two phenomena that were not ob-
served in previous tests (see Sections 3.1–3.3). First, a substantial de-
crease in the adhesion between isolated A431 cells and the PLL-coated
substrate is evident. This decrease affects the AFM force spectroscopy
measurements due to cell mobilization as the probe indents into it,
resulting in distorted and even unreliable force-indentation curves (see
Fig. S4). Thus, cells that seemed to move based on light microscope
observation or distorted data during the force measurement were ex-
cluded from the data analysis of the estimated Young's modulus. Our
force spectroscopy experiments on BF-isolated A431 fixed cells showed
a significant decrease in the adhesion between the cells and the surface
in comparison to previous cases.

One assumption which can explain this phenomenon is that the BF-
isolated cells were attached to the PLL-coated coverslip by the con-
centrated magnetic field, where the flow direction was in parallel to the
substrate, in contrast to the other two cases of cell adhesion (namely,
cells which had been cultured on the glass surface and cells which had
been suspended and attached to the PLL-coated substrate by gravity).
During the isolation process, the cells were exposed to a laminar flow
regime (flow rate of 0.021mL/min for approximately 3 h). The BF flow
chamber can be considered as two parallel stationary plates. This
configuration of two parallel stationary plates with laminar flow regime
of the flow medium results in a maximal shear stress at the surface of
the PLL-treated surface where the target cells are captured. It is plau-
sible that during a long processing time and under the described flow
regime with maximal shear stress profile at the PLL-cells interface, the
adhesion efficiency of the isolated cells to the PLL-coated substrate
decreased. This resulted in substantial difficulty in performing proper
AFM force spectroscopy measurements. To confirm this hypothesis,
further experiments need to be done (e.g. time/flow dependent ex-
periments that would require changes in the BF protocol or identifica-
tion of a better adhesive than PLL).

The second phenomenon that was observed for the BF-isolated cell
samples was a 2.8-fold increase in the adhesion force between the
spherical probe and the indented isolated cells during the retraction
phase of the AFM probe, in comparison to the pre-isolated magnetic
microbead-bound A431 fixed cells (Fig. 6). The analysis shows that for
the isolated fixed A431 cells, the adhesion force is 4.52 ± 1.87 nN.
This phenomenon, which occurred due to the BF isolation process, is
not yet fully understood.

4. Conclusions

The present study offers insights into the mechanical properties of
individual epithelial cancerous A431 cells that were isolated by Bio-
Ferrography (BF) and studied by means of AFM force spectroscopy.
Force-indentation curves were obtained and fitted using the Hertz
contact model. BF was found useful in isolating individual cancerous
cells for mechanical testing, thus avoiding cell-cell interactions. The
mechanical properties analysis of the target cells was accomplished
using a thorough examination of the dependent steps involved in the
sample preparation and the BF isolation protocol. The examined pre-
isolation sample preparation steps (namely, cell fixation, PLL coating of
the glass substrate, and IM magnetic microbead labeling) were found to
affect the measured estimated Young's modulus. A 3-fold increase in the
stiffness of fixed cells compared to living cells was observed, which is
attributed to cross-linking of the cytoskeleton proteins in the interior of
the cell and cross-linking of proteins on the cell membrane. PLL-coating
of the substrate was found to result in a 1.7-fold increase in the esti-
mated Young's modulus, compared to an untreated substrate, which is
explained by the interaction between the cultured cells and the sur-
rounding environment. Magnetic microbead binding of cells led to a 5-
fold increase in the estimated Young's modulus due to the higher ri-
gidity of the bead coating on the cells. Yet, the BF magnetic isolation
step itself did not change the elasticity of the captured cells in com-
parison to the pre-isolated microbeads-bound cells. The reported in-
crease in the estimated Young's modulus between BF-isolated target
cells and fixed cells that were not bound to magnetic microbeads can be
used as a quantitative mechanical indicator for objective detection of
CTCs. Furthermore, a 2.8-fold increase in the adhesion force between
the AFM tip and the BF-isolated cells compared to the pre-isolated
magnetic microbead-bound A431 fixed cells was found. This adhesion
force correlation could potentially serve as an additional quantitative
mechanical indicator for distinguishing between the target and back-
ground cells, without the use of cell staining assay and subjective
analysis by an expert pathologist. The reported findings of this research
pave the way for future detection and monitoring of metastasis in pa-
tients in a hospital environment. However, before this can happen, a
standard operational protocol should first be established in order to
make the comparison of results acquired in different laboratories pos-
sible. Next, we plan to carry out a comparative study of both healthy
and cancerous cells isolated by BF from HWB by AFM force spectro-
scopy. In addition, we plan to conduct a clinical examination of patients
at different stages of the cancer disease in an attempt to develop
methodology for condition monitoring by BF-isolation of CTCs from
HWB and subsequent AFM analysis.
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