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1 | INTRODUCTION

This article presents the correlation of creep and viscoelastic properties to the cyto-
skeletal structure of both tumorigenic and non-tumorigenic cells. Unique shear assay
and strain mapping techniques were used to study the creep and viscoelastic proper-
ties of single non-tumorigenic and tumorigenic cells. At least 20 individual cells, three
locations per cell, were studied. From the results, lower densities in the volume of
actin, and keratin 18 structures were observed with the progression of cancer and
were correlated to the increased creep rates and reduced mechanical properties
(Young's moduli and viscosities) of tumorigenic (MDA-MB-231) cells. The study
reveals significant differences between the creep and viscoelastic properties of non-
tumorigenic breast cells versus tumorigenic cells. The variations in the creep strain
rates are shown to be well characterized by lognormal distributions, while the statisti-
cal variations in the viscoelastic properties are well-described by normal distributions.
The implications of the results are discussed for the study of discrete cell behaviors,
strain and viscoelastic responses of the cell, and the role of cell cytoskeleton in the

onset and progression of cancers.
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progesterone receptor, and human epidermal growth factor receptor-

2,7 and therefore poses a more imminent threat to these women in
10,11

In the last few decades, there has been an increased emphasis on the
diagnosis and treatment of difficult-to-treat diseases such as cancer,
which is one of the leading causes of death globally."? Breast cancer,
on the other hand, has been recorded as the most diagnosed cancer in
women and constitutes the highest rate of mortality by cancer in
women worldwide, second in Africa, and fifth in the west paciﬁc.?"5
Triple-negative breast cancer (TNBC), which is prevalent in most

women of African descent, tests negative for estrogen receptor,

Africa, owing to its difficult prognosis and clinical outcomes.
Therefore, there is a strong need for a more targeted diagnostic tech-
nigue and treatment pathway, to help combat the challenges posed
by this type of cancer.

To address the challenges in cancer diagnosis, recent studies have
demonstrated the role of cell mechanics in the characterization of
cells into benign, less metastatic, ¢, and highly metastatic cells, using

12-22

different mechanical techniques. It was observed that in most
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cases, normal cells had relatively higher mechanical properties com-
pared to cancerous cells.2®~2% The variations in the mechanical prop-
erties of the cells were, however, linked to the different compositions
of the cell cytoskeletal structures at varying stages of cancer progres-
sion.132527-31 The cytoskeletal structure of the cell (Figure 1) is a
heterogeneous structure that consists of different cell proteins, the
actin filaments, microtubules, and intermediate filament,*273> and it is
primarily responsible for structural support, localization, and transport
of organelles in the cell, and intracellular trafficking.2>2> The cell
cytoskeleton plays an important role in the study of the mechanical
properties of the cell, and in the development of mechanical bio-
markers for the detection of diseases such as cancer, a disease char-
acterized by marked tumor heterogeneity and diverse molecular
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orientations.2>3¢37 Figure 1A,B show the schematic of the cytoskele-
tal structures of a cell and the stained images for the different protein
structures of the cell cytoskeleton respectively. In Figure 1B, the
staining of the actin cytoskeletal proteins and the nucleus are shown
in red and blue, while the intermediate filaments and microtubules are
shown in green. Prior research has also shown that the over-
expression of some cytoskeletal proteins can provide indicators of
tumor progression.®”

In a prior work by our research group, we studied the viscoelastic
properties of non-tumorigenic breast cells and tumorigenic TNBC cells
and their relationship with actin cytoskeletal structure.?*?> The
mechanical properties of the cell were seen to reduce relatively with
cancer progression, and the fluorescence intensities of actin filaments
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FIGURE 1 (A) Stained images
showing the different protein
structures of the cell cytoskeleton

( Figure insets adapted https://
courses.lumenlearning.com/sanjacinto-
biology1/chapter/the-cytoskeleton/).
(B) Schematic of cytoskeletal
structures in a biological cell
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in the breast cells were found to decrease with increasing metastasis
of breast cancer.2>"2> The reduction in the actin filament of the cell
cytoskeleton was, however, correlated with the reduction in cell
stiffness.2*

However, the role of creep in cell deformation studies and the
contributions of the other components of the cytoskeletal structure
(keratin 7, 8, 18, and 19; vimentin, and microtubules such as tubulin)
have not been considered in our prior work.

In this study, local variations in the viscoelastic and creep proper-
ties of the cell were studied using the shear assay technique and strain
mapping techniques with digital image correlation (DIC) software,
which can distinguish between the local properties of the cells at dif-
ferent regions within the cell. The variations in the strain rates and
strain evolution of the cells are good indicators of the contributions of
the cell proteins/structure to the deformation and mechanical proper-
ties of the cell. The effects of the cell cytoskeleton on the spatial vari-
ations of cell creep and viscoelastic properties were also studied. The
implications of the current work are discussed for the study of dis-
crete cell behaviors, strain and viscoelastic responses of the cell, and

the role of cell cytoskeleton in the onset and progression of cancers.

2 | MATERIALS AND METHODS

21 | Cell culture

The normal breast cell (MCF-10A) and the metastatic breast cell
(MDA-MB-231) were cultured under conditions described previously
in a study by Reference 23. The cells were -cultured in
60 x 15 x 35 mm falcon Petri dishes (Corning Inc., Corning, NY) for a
duration of 48 h. This was done at 37°C in 5% CO,, at atmospheric
pressure, to allow adequate time for the attachment and growth of
the cells on the substrate. Under these conditions, the MCF-10A cells
were grown using Dulbecco's modified eagle medium (DMEM)/Ham's
F-12 medium (Invitrogen, Carlsbad, CA) at an equal mix ratio of 1:1,
together with a supplemented 5% horse serum (Invitrogen, Carlsbad,
CA), 0.2% amphotericin (Gemini Bio-Products, West Sacramento, CA),
30 ng/ml insulin (Sigma-Aldrich, St. Louis, MO), 100 ng/ml cholera
toxin (Sigma Aldrich), 30 ng/ml murine epidermal growth factor
(Peprotech), 0.5 g/ml hydrocortisone (Sigma Aldrich) and 1% Penicillin
Streptomycin (Invitrogen, Carlsbad, CA). On the other hand, the
MDA-MB-231 cells were grown at the same conditions in a 10% fetal
bovine serum from the American Type Culture Collection (ATCC)
(Manassas, VA) and in an L-15 base media, with a supplemented

100 .U/ml penicillin/100 pg/ml streptomycin respectively.

2.2 | Immunofluorescence cell staining

The cytoskeletal structures of the different cells MCF-10A and MDA-
MB-231 were stained to reveal the distribution and relative volume
density of the different cytoskeletal proteins (actin, Keratin, vimentin,

and tubulin). Each cell was stained to reveal: the nucleus; actin

filaments; intermediate filaments, and microtubules (tubulin). The
staining protocols are the same as summarized in our previous work.2®
A 4% high-grade paraformaldehyde (4% in 0.1 PBS, Electron Micros-
copy Science, Hatfield, PA) was used to fixate the cells after culturing
for 48 h. This was followed by the aspiration of the paraformaldehyde
and rinsing thoroughly with a phosphate buffer solution (PBS) diluted
with deionized water. The cells were each permeabilized for 10 min
with 1 ml of 0.1% Triton X-100 solution (Life Technologies Corpora-
tion, Carlsbad, CA).

Furthermore, the cells were then incubated in PBS with 1% of
bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO) at room
temperature (25°C) for 1 h, after which they were rinsed thoroughly
with PBS. Staining for any of the cell proteins was done using the pro-
tein's specific antibody. For keratin 7, 8, 18, and 19, cytokeratin 7, 8,
18, and 19 mouse monoclonal antibody at 2 pg/ml in 0.1% BSA was
used. Tubulin alpha rabbit polyclonal antibody (Thermo Fisher Scien-
tific) at 2 pg/ml in 0.1% BSA was used for the tubulin staining, and
lastly, for vimentin, vimentin mouse monoclonal antibody (Thermo
Fisher Scientific, Waltham, MA) was used at 2 ug/ml in 0.1% BSA. The
labeled proteins were incubated for 3 h at room temperature (25°C),
before rinsing with PBS. The cells were then further labeled with Goat
anti-Mouse 1gG (H-+L) superclonal™ secondary antibody Alexa Fluor®
488 conjugate (Thermo Fisher Scientific, Waltham, MA) at a dilution
of 1:2000, after which the cells were further rinsed properly in PBS
and incubated in a dark environment for 25 min, at room temperature.
The resulting structures were further stained in PBS with F-actin stain
Rhodamine Phalloidin (Thermo Fisher Scientific, Waltham, MA),
followed by proper rinsing with PBS.

The MCF-10A and MDA-MB-231 cells were subcultured on cov-
erslips and fixed with 4% (v/v) paraformaldehyde for 15 min and at
room temperature. A mixture of diluted water and Dulbecco's
phosphate-buffered saline (DPBS) was used to wash the cells three
times. The cells were blocked using 1%(w/v) pharmingen Stain Buffer
(BSA) prepared with PBS for 15 min at room temperature. The sam-
ples were then rehydrated in PBS for 10 min and washed again with
DiH,0+DPBS.

The resulting cells were then stained simultaneously with Alexa-
488 phalloidin (A12379) and Alexa-594 DnaSel-deoxyribonuclease
1, Alexa flour™ 594 conjugates (D12372) (Invitrogen, USA) for
staining F-actin and G-actin, respectively. This was done by adding
200 pl of a 9 pg/ml solution of fluorescent DNase 1in a buffer to the
coverslip. | unit (200 ul of a 0.165 pM solution) of fluorescent
phallotoxin was used to simultaneously label F-actin, for 20 min. The
cells were washed with DiH,0+DPBS. The nuclei of the cells were
stained using SlowFade® Gold Antifade Mountant with DAPI
(Thermo Fisher Scientific, Waltham, MA) for 2 min. The samples
were mounted on a clean glass slide in a medium of Fluoro Guard
Reagent drop. The imaging of the stained cell samples was done
using a x60 oil immersion objective, and an inverted Leica SP5 point
Scanning Confocal Microscope (Leica Microsystems, Heidelberg,
Germany). Leica LAS AF Lite software was used to determine the
total intensity per given area for the tubulin, keratins, actin, and

vimentin.
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2.3 | Confocal imaging and analysis

The stained cells were imaged under a confocal microscope
(an inverted Leica SP5 point scanning confocal microscope, Leica
microsystems, Heidelberg, Germany) using a x40 oil immersion
objective. The actin cytoskeleton was imaged with a wavelength of
565 nm excitation, while the other intermediate filaments
(vimentin, keratin 19, keratin 18, keratin 8, keratin 7) and micro-
tubulin, were imaged with a wavelength of 488 nm excitation. The
nucleus was also imaged with a wavelength of 488 nm excitation.
The cells were imaged under identical system parameter settings, at
a z-stack height of 1 pm, and an average of 20-30 slices per cell.
The fluorescence intensities (intensity per unit area) of the proteins
of each cell line were estimated using the three-dimensional confo-
cal image stacks. However, the variation in intensities for the
individual proteins of the normal cell was compared with that
of the cancer cells. The image visualization and analysis were
carried out using the Leica software. The total amount of fluores-
cence was measured according to the protocol reported in a previ-

ous study.383?

2.4 | Shear assay experiments

The shear assay experiment was used in this study to exert mechani-
cal forces in the form of fluid pressure to biological cells (MCF-10A
and MDA-MB-231), and hence the mechanical response of these cells

FIGURE 2 (A) Programmable
syringe pump (B) 35 x 10 mm Petri
dish for cell culture (C) microfluidic
flow chamber (D) rubber gasket

(E) complete experimental set-up

(F) schematic of laminar flow over cell
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to an applied force was subsequently observed.*® This, however,
translates to the further determination of the cell viscoelastic proper-
ties of the non-tumorigenic and tumorigenic breast cells using other
mechanical techniques such as strain mapping and the use of visco-
elastic models. An average of 20 single cells per cell line was sampled
for this study. Figure 2 below shows the experimental setup involved
in the determination of the mechanical response of the cells as a func-
tion of the external forces. The cells were cultured in a Petri dish
(35 x 10 mm) (CELL TREAT scientific products, MA) as shown in
Figure 2B. The process further involves the fitting of the microfluidic
device chamber, together with the rubber gasket in between. This
setup is connected to the syringe pump with the help of tubing, and
then placed on the optical microscope for imaging and monitoring.
The programmable syringe pump (Figure 2A), then infuses and with-
draws the fluid medium through the use of syringes and tubing and is
kept at a constant flow rate (3 ml/min), ensuring a continuous flow of
fluid over the surface of the cell. This controlled flow of fluid is carried
out within a microfluidic flow chamber as shown in Figure 2C, fitted
unto the Petri dish with the help of the rubber gasket (Figure 2D),
which helps ensure controlled fluid flow between the microfluidic
device and the Petri dish. The rubber gasket is circular, with tiny holes,
and serves as a vacuum suction. It has a rectangular channel in the
middle (20.5 mm—Ilength, 2.5 mm—width, and 0.254 mm—height) that
determines the flow profile. The controlled flow of fluid within the
parallel flow chamber generates the desirable wall shear stresses. The
process of shearing-off of the cells and determining how the fluid flow

affects the mechanical and structural integrity of the cells is captured

Substrate
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by the optical microscope and displayed on a computer monitor as
shown in Figure 2E.

Formula for the determination of the wall shear stress is given as

o= %?’ (1)
where is ¢ is the wall shear stress, p is the viscosity of the fluid
medium, Q is the flow rate, W is the width of the channel (rubber gas-
ket), and H is the height of the channel (rubber gasket).

To prevent nonspecific binding of the extracellular matrix protein,
a serum-free culture media was used for cell culture. In most cases,
methylcellulose which is nontoxic and nonallergenic is added to the
serum-free media to increase the viscosity of the cell culture medium.
This is the case in MCF-10A cells, where 3.5 wt% methylcellulose is

(@)
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added to the culture media to obtain a viscosity of 0.16 Pa s. For the
MDA-Mb-231 cells, no cellulose was added, and hence the viscosity

of the media was 0.02 Pas. This is because less shear stress is

nz E

FIGURE 3
model

Schematic of the three-element generalized Maxwell
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FIGURE 4 A five-data plot representative of (A) single-cell strain evolution for the nucleus of the cells at the primary (elastic) creep stage.
(B) Single-cell strain evolution for the cytoplasm of the cells at the primary (elastic) creep stage. (C) Single-cell evolution for the nucleus of the
cells at the secondary creep stage. (D) Single-cell evolution for the cytoplasm of the cells at the secondary creep stage
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required to deform or shear off the MDA-MB-231 cells. However, the
shear rates for both the MCF-10A and MDA-MB-231 cells are similar
(2500 s~1), and the wall shear stress for the shearing-off of MCF-10A
and MDA-MB-231 was 410 and 10 Pa, respectively. The Reynolds
number was ensured to be within the laminar flow regime (Re < 100).
To ensure that the same fluid temperature is maintained and
delivered to the cells, and to avoid disturbance of the cells during the
experiments, the flow medium was pre-heated to 37°C in a water
bath, and residual bubbles in the flow line were evacuated by pre-
flushing the tubing alongside the medium. The cells were subjected to
controlled shear stresses by keeping the flow and velocities uniform.
The response of the cells to shear stresses was observed in situ using
an optical microscope and a video camera. The movements and
detachment of isolated single cells from their substrates without the
interference of the adjacent neighboring cells were monitored using
the x40 objective lens from Nikon. The detachment/dislocation of
the cells (nucleus and cytoplasm) were recorded and stopped when
the cells detached from the substrate. The individual frames from the
recordings were extracted for the DIC analysis. This technique proves
to be a potential mechanical means for cell characterization, and is
proposed for the characterization of cells into their component cell

states.

2.5 | Strain mapping

To determine the mechanical behavior of these cells (MCF-10A and
MDA-MB-231), their deformation images obtained during the shear
assay experiment were analyzed using the DIC software. The changes
in the cell structure (nucleus and cytoplasm) were tracked by locating
each pixel block in the images of the deformed cell structure. From
the images of the cell as obtained during the shear assay experiment,

a position in the nucleus and cytoplasm of the cell is marked and

TABLE 1
Auv. strain Auv. strain Tukey's sig
Cells (nucleus) (cytoplasm) value®
MCF-10A 0.08406 0.12409 1
MDA-MB- 0.01977 0.03425 1
231

2Means with Tukey's sig value =1, is significantly different.

Y sk W LEY-_L10%

tracked to determine the magnitude of strain experienced during
deformation. As the cell deforms, the displacement of the cell with
respect to time is determined as the position of the cell structure
changes during deformation from the marked position to a new posi-
tion. For an optimized correlation value, a subset size of 31 x 31
pixels and a step size of eight pixels were chosen. The step size
defines the difference in the distance of the subset before the next

correlation.

2.6 | Viscoelastic modeling

The viscoelastic properties of the cell define the cell as both viscous
and elastic material. In our study, the cells were subjected to constant
stress and thus experienced creep. The creep region was, however,
analyzed using the three-element generalized Maxwell model as
shown in Figure 3. This model describes a time-dependent strain due
to viscoelastic effects and can be defined by Equation (2), which
shows the relationship between the various parameters.

O

The viscous behavior is accounted by the top dashpot and is thus
represented by (;ﬁ)t The combination of the spring and dashpot in
parallel represents the Voigt model. The spring component on the
right of the model represents the elasticity of the material. The effec-
tive viscosity of the cell is obtained by the top dashpot value 71, and
the relaxation time () is given by the ratio of the elasticity and the vis-
cosity of the dashpot 72, in the Voigt component, and hence it is given
as’2.

The viscoelastic properties of the cell were thus determined by

using the equation for the viscoelastic model as shown in Equation (2)

Statistical analysis for strain evolution of the cells at the onset of deformation (primary creep regime)

FPC mean grouping FPC mean grouping

(nucleus)® (cytoplasm)®
A B
B A

bMeans that do not share a letter are significantly different (Fisher pairwise comparisons [FPC]).

TABLE 2 Statistical analysis for strain evolution of the cells at complete deformation

Auv. strain Auv. strain Tukey's sig
Cells (nucleus) (cytoplasm) value®
MCF-10A 0.13634 0.20844 1
MDA-MB- 0.03613 0.07377 1
231

#Means with Tukey's sig value =1, is significantly different.

FPC mean grouping FPC mean grouping

(nucleus)® (cytoplasm)®
A A
B B

PMeans that do not share a letter are significantly different (Fisher pairwise comparisons [FPC)).
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to fit the strain-time data with the curve fitting tool in MATLAB. The
fitting parameters (ﬁ%n%) were adjusted to yield high R%. The vis-
coelastic properties, therefore, were extracted from the fitting
parameters. From the parameters, ¢ represents the strain, ¢ repre-
sents the wall shear stress, E represents the elastic modulus, 1 repre-
sents the viscosity, and r represents the relaxation time.

2.7 | Statistical analysis

The statistical analyses of the creep properties and the fluorescence
intensities of the different cytoskeleton proteins of the non-
tumorigenic and tumorigenic TNBC cells were carried out using the
Minitab 18 software package (Minitab LLC, State College, PA). For
each cytoskeletal protein, the statistical variations of the fluorescence
intensities were determined for the two cell types (MCF-10A and
MDA-MB-231) using a one-way analysis of variance (ANOVA) and
Fisher pairwise comparisons. The ANOVA was done for equal vari-
ances at a confidence level of 95%, and a significance level of 0.05

that was adopted for the analysis.

| ](MCF-10A) Nucleus|

Frequency
(o]

0.00 0.02 0.04 0.06 0.08 0.10 0.12

()

40

MCF-10A(Cytoplasm)

30

Frequency
N
o

104

0.00 0.05 0.10 0.15 0.20

Strain

FIGURE 5

For the ANOVA, the null hypothesis (Hp) assumes equal means
between the different cell types of the proteins, suggesting that the
variation between the cell types (MC-10A and MDA-MB-231) was
insignificant, and therefore the p-value must be >.05. The alternative
hypothesis (H,) assumes that the means of the different cell types are
not equal, which suggests that there are significant differences
between the mean properties of the different cells, and as such the p-
values must be <.05. Furthermore, the similarities and variations in
their intensities were established using the frequency distribution

curves.

3 | RESULTS

3.1 | Single-cell strain mapping and strain
evolution

The single-cell images of the different types of cells were analyzed
using the DIC machine, and hence, the differences in the strain evolu-

tion between the nucleus and the cytoplasm of different cell types

(b)

[ MDA-MB-231 (Nucleus)|

304

N
o
1

Frequency

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Strain

[C_JMDA-MB-231 (Cytoplasm)|

L:_

Frequency

002 004 006 008 010 012 014  0.16
Strain

Frequency distribution at the onset of creep (Primary creep), for (A) the nucleus of the MCF-10A cell, (B) the nucleus of the MDA-

MB-231, (C) cytoplasm of the MCF-10A, and (D) the cytoplasm of the MDA-MB-231
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TABLE 3  Viscoelastic properties of normal and cancerous TNBC cells?®

Av. modulus, E, (Pa) Av. modulus, E (Pa)

Av. viscosity, n (Pa s)

Av. viscosity, n (Pa s) Av. relaxation time, 7 (s)

Cell type nucleus cytoplasm nucleus cytoplasm nucleus

MCF-10A 7966 + 2536 3598 + 1511 6868 + 3095 3132 + 1745 0.514 + 0.290

MDA-MB- 622 + 399 261 + 148 325+ 234 215+ 135 0.309 + 0.353
231

Abbreviation: TNBC, triple-negative breast cancer.

were obtained at different stages of deformation. The evolution of
strain under constant stress for both the normal and tumor cell
resulted to creep. In Figure 4A-D, the difference in the strain evolu-
tion between the nucleus and cytoplasm of the normal MCF-10A cells
and the tumorigenic MDA-MB-231 cells are shown at different creep
stages.

Figure 4A,B show the initial creep stages of the cells for the
nucleus and cytoplasm of both the normal and cancerous cells. At this

stage, both types of cells, the normal and cancer cells exhibit fairly the

same strain trends, where creep starts at a relatively rapid rate and
slows with time. In this creep regime, the cells exhibit an instanta-
neous elastic phase before deformation, and their profiles are rela-
tively similar, and thus their mechanical properties can be fairly
compared. For the cancerous MDA-MB-231 cells, it was observed
that they experienced more strain at shorter periods than the normal
MCF-10A cells. Figure 4C,D show the secondary creep stage, and the
strain during deformation of the structure of the cell. At this stage,

the MDA-MB-231 cells experience a rather steady creep followed by
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a sudden failure/detachment of the cell, in most cases, at the onset of
the secondary creep stage, the MDA-MB-231 cells were fully
deformed/detached from the substrate. For the normal MCF-10A
cells, there is an increased resistance to deformation, giving rise to
slower strain rates and increased strength. Most MCF-10A cells only
experience failure or detachment, beyond the secondary creep stage
(Tables 1 and 2).

The frequency distributions for the nucleus and cytoplasm for
the normal MCF-10A and the tumorigenic MDA-MB-231 cells at
the primary creep stage are shown in Figure 5A-D, while
Figure 6A-D show the frequency distributions for the nucleus and
cytoplasm for the normal MCF-10A and the tumorigenic MDA-MB-
231 cells at the secondary creep regimes and the final stages of
deformation. The shear strain data from the experiment was well
characterized by lognormal distributions. The frequency distribu-
tions also revealed that the normal cells had a higher incidence of
lower strain values, while the cancer cells had a higher incidence of
larger strains. This was evident for both the nucleus and cytoplasm
in the primary and secondary stages of creep in both the nucleus
and cytoplasm of the normal (MCF-10A) and breast cancer (MDA-
MB-231) cells.
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3.2 | Cell viscoelastic properties

The viscoelastic properties of the non-tumorigenic and TNBC cells as
described in our previous study,?®> were obtained using the three-
element generalized Maxwell model (described in Section 2.6 of this
article and shown schematically in Figure 3. From the strain-time anal-
ysis, the Maxwell model for viscoelastic materials was fitted to obtain
Young's moduli, viscosities, and relaxation times for the different cell
types. Hence, in this way, the spatial variations in the cell viscoelastic
properties were characterized. The viscoelastic properties of the dif-
ferent cells, the non-tumorigenic breast, and tumorigenic cancer cells
are presented in Table 3. It shows clear differences between the vis-
coelastic properties of the non-tumorigenic and TNBC cells. These
variations in the cell viscoelastic properties could be due to the spatial
variations in the cell cytoskeletal structures. Further investigations are
therefore necessary for the validation of this claim. It is however seen
from Table 3 that for the normal cells, the mechanical properties
(Young's moduli and viscosities) were higher compared to the cancer
cells. This variation in mechanical properties according to literature
can be attributed to the role of the cytoskeleton on the
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FIGURE 7 The fluorescence intensities/ area for the normal MCF-10A and cancerous MDA-MB-231 for the different proteins (A) keratin
19, (B) keratin 18, (C) keratin 8, (D) keratin 7, (E) vimentin, (F) tubulin, (G) actin
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3.3 | Relative volume density distributions of the
different proteins

The relative volume densities of the different cytoskeletal proteins
were calculated by quantifying the average fluorescence intensities
per unit area of a given protein and determining its relative volume
densities as a function of the cell cytoskeletal proteins as seen in
Equation (3).

. . Ia
Relative volume density of A= s 3
ty In+la+lg+lc+....+In ®)

where | represent the average intensity/area of a given protein (vol-
ume of protein), n represents the nucleus of the cell, and A, B, C, N
represent the different proteins of the cell. For each Z-stack image,
the fluorescent intensity/area per Z-stack position/height was ana-
lyzed and their averages were computed. However, the expression of
a certain amount of fluorescent intensity for a given protein repre-
sents the volume amount of that protein present in a particular cell

per given area. After staining the cell with the required antibody

Y vt W LEYJﬂ

reagent to reveal the amount of a particular protein, the cell was
imaged under the confocal microscope to reveal the fluorescent inten-
sities (volume amount of the protein) expressed by the cell. These
intensities are then quantified using the Leica software, to determine
the grayscale values per unit area.

The fluorescence intensities of the different cell proteins, the
intermediate filaments (K7, K8, K18, K19, and vimentin), the microtu-
bule (Tubulin), and the actin were analyzed, and their relative volume
densities were determined. Figure 7 shows the average intensity per
area of the different cytoskeletal proteins for the two types of cells
(MCF-10A and MDA-MB-231). Numerically, for the fluorescence
intensities, actin, keratin 18, keratin 8, and keratin 7 had higher inten-
sities in the normal cells (MCF-10A) compared to the metastatic cells
(MDA-MB-231). However, in the case of the metastatic cell line
(MDA-MB-231), keratin 19, vimentin, and tubulin had higher fluores-
cence intensities, compared to that in the non-tumorigenic cells
(MCF-10A). With a p-value of <.05, there were significant differences
in the expression of keratin 19, keratin 18, vimentin, tubulin 8, and
actin. There was no recorded statistical difference in the expression of
keratin 7 and keratin 8 between the normal and the cancer cells.
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18, (C) keratin 8, (D) vimentin, (E) tubulin, (F) actin

The frequency distribution curves in Figure 8 represent the
probability density function for the expression of the different pro-
teins. Most of the proteins were well characterized by a lognormal
distribution, with a left skew in the distribution. Keratin 18, tubulin,
and actin showed a more pronounced difference in distribution fre-
quency and as such could be analyzed to give more insights as to
how their cytoskeletal properties affect the mechanical strength of
biological cells.

Figures 9 and 10 present the confocal images of the cell cytoskel-
etal proteins and the cell nucleus. These images show the variation in
the volume of the proteins relative to one another across the two cell
lines (MCF-10A) and (MDA-MB-231). The relative volume densities of
each component of the cytoskeleton are calculated relative to the rest
of the proteins and the nucleus. The nucleus and actin in both the
non-tumorigenic MCF-10A cells and the cancerous MDA-MB-231
cells constitute the highest volumes relative to the rest of the cell
constituents.

From the study, it was found that the nucleus and actin contain
about 53% and 20%, respectively, of the total volume of the structure
of the cell in the MCF-10A cell, and about 40% and 11%, respectively,
of the total volume of the cell structure in the MDA-MB-231 cells,
contributing largely to cell physiological and structural properties.
Amongst the other cell proteins (IF and microtubulin), keratin
19, vimentin, and tubulin had the least volume densities relative to
the other cell proteins in the MCF-10A cells. For the MDA-MB-231
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Frequency distribution of the different cytoskeleton proteins for the MCF-10A and MDA-MB-231 cells: (A) keratin 19, (B) keratin

cells, keratin 18 had the least volume percentages, with about 2% of
the total volume. Keratin 19, keratin 8, and tubulin had 8.4%, 7.3%,
and 8%, respectively, of the total protein volumes, while other IF pro-
teins, such as vimentin and keratin 7, each had volume percentages of
about 11%. While these percentages can be slightly different from
one study to another, it gives a near approximation to the relative of
amount of the different proteins in the cells as cancer progresses.

Figure 11A,B show further stained images of the actin substruc-
tures, the globular actin (G-actin), and the filamentous actin (F-actin).
The F-actin stain reveals both the volume densities of both the fila-
mentous, while the globular actin stain was stained using Alexa-594
DNaSe, and thus shows the individual structure for the G-actin.

The F-actin structure is found to express more at the base of the
cell, away from the nucleus, and mostly at the boundaries between
cells and between the surrounding cell environment. Its structures
contain fibrous-like filaments, which have been found to create
mechanical support to the cell. On the other hand, the globular actin
is found to be more localized toward the nucleus of the cell and does
not possess fibrous strands as the F-actin, but over time polymerizes
to such filamentous actin structures. The filamentous actin structures
in the normal cells are however seen mostly as bundles and are not
expressed distinctly as single strands of filaments as in the MDA-MB-
231 cells. Furthermore, the G-actin is seen to be expressed more in
the cancerous cell than in normal cells. Table 4 shows the statistical

variations of the relative volume densities of the cell cytoskeleton. It
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FIGURE 10 Confocal images of the cell cytoskeletal proteins and the nucleus for MDA-MB-231
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FIGURE 11 (A) Confocal images of the F-Actin and G -Actin structures for MCF-10A. (B) Confocal images of the F-Actin and G -Actin
structures for MDA-MB-231
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TABLE 4 The relative volume densities of the cell cytoskeleton
Relative volume density  Relative volume density Tukey's sig FPC mean Grouping FPC mean Grouping p-
Protein  (MCF-10A) (MDA-MB-231) value® (MCF-10A)P (MDA-MB-231)° value®
Keratin 0.009 0.084 1 B A .021
19
Keratin 0.087 0.024 1 A B .000
18
Keratin 0.061 0.073 0 A A .507
8
Keratin 0.083 0.111 0 A A .965
7
Vimentin ~ 0.010 0.110 1 B A .000
Tubulin 0.016 0.080 1 B A .049
Actin 0.205 0.114 1 A B .000
Nucleus 0.530 0.403 1 A B .000

#Means with Tukey's sig value =1, is significantly different.

PMeans that do not share a letter are significantly different (Fisher pairwise comparisons [FPC]).

“Means with p-value <.05 are significantly different.

shows that statistically, keratin 19, keratin 18, vimentin, tubulin, actin,
and cell nucleus are significantly different and thus their expression at
different stages of tumor progression can be indicators of variabilities
in cell states.

3.4 | Strain evolution analysis, the relative volume
density of cell cytoskeletal structure, and correlation
with cell mechanics

The relative volume density analyses of the cell cytoskeleton show
that certain cell proteins are denser than others at different cell states
are, and hence have a large role to play in the physical and mechanical
structure of the cell. This attribute, however, contributes to the varia-
tion in the strain evolution of the cell during the deformation process.
In the normal cell, there were more discrete-sized magnitudes of
strain, resulting from short displacement spans. This, however, can be
attributed to the denser actin structure of the normal cell, which pro-
vides mechanical structure and resists deformation, causing more dis-
crete displacement of the structure and thus smaller strain values.
This is, however, in line with results from several authors, where actin
filaments were seen to provide robust mechanical structures and, deg-
radation of actin caused a reduction in mechanical properties of the
cel| 32414244

In the cell cytoplasm and nucleus, the degree of strain was differ-
ent. There was considerably more strain in the cell cytoplasm than
there are in the cell nucleus during the initial stages of creep, but with
constant stress, the nucleus experienced considerable higher strain
than the cytoplasm, where the proteins in the cytoplasm re-organize
to withstand stress, thereby causing lesser deformation and strain.
This, however, could be attributed to the internal structure of the cell,
whereby the cell nucleus is a homogeneous structure, with relatively

lesser structural ability to withstand stress than the layered cytoplasm,

which consists of heterogeneously different components that can
reduce the ability of the cell to undergo deformation.

The microstructure of the cell shows a higher density of actin and
keratin 18 in the normal MCF-10A cells, and a higher density of the
other proteins (Keratin 19, keratin 7, keratin 8, vimentin, and tubulin)
in the cancerous MDA-MB-231 cells. This variation in the expression
of the proteins is interesting in the understanding of the specific role
of some of the proteins in cancer progression. The relative volume
density of the actin microfilament and keratin 18 suggests that for the
normal cells, these proteins help to provide considerable resistance to
applied stress. The denser these proteins, the more mechanical
strength it possesses to withstand stress.

In this study, it was observed that the actin filament contributes
largely to the total volume of the cell structure, with the total cell
cytoskeletal microstructure made up of about 20% actin in the normal
cell and about 11% in the cancerous cells, and as such plays, a key role
in cell shape and movement, providing mechanical structure and
motility.*> Therefore, the density of the actin filament can be said to
largely contribute to the variation in the mechanical structure of the
cell. Over-expression of other proteins such as vimentin, tubulin, kera-
tin 19, keratin 7, and keratin 8 can be correlated to the decreased
mechanical properties of the cancerous MDA-MB-231. Most IF pro-
teins such as keratins have been linked to low bending stiffness and

decreased mechanical properties of cells.*¢

4 | DISCUSSION

The results of the current study are useful in the characterization of
the structure and properties of the normal breast cells (MCF-10A) and
the metastatic TNBC cells. First, the results show that the fluores-
cence images with the mechanical properties of the cells provide

important information that can be used to describe the cell structure
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in ways that can discriminate between non-tumorigenic cells and
tumorigenic cells. Such digital imaging could enable the identification
of TNBC cells in future biopsies. However, further work is needed to
determine the extent to which fluorescence imaging techniques can
be used to discriminate between cancer cells at different stages of
tumor progression.

The current work also identifies significant differences between
the components of the cytoskeletal structures in non-tumorigenic
cells and tumorigenic cells. Hence, beyond the decrease in the actin
cytoskeletal structural components that occur with cancer progres-
sion, the current work suggests that variations in microtubulin and
keratin components can also occur in ways that can be used to distin-
guish between non-tumorigenic and tumorigenic states and correlate
them with the individual mechanical properties of the cell. Further
work is needed to establish the extent to which the identification of
these structural components can be used to diagnose the onset and
progression of breast cancer under clinical scenarios.

Finally, it is of interest to note that the above changes in the cyto-
skeletal structures can be correlated to the creep strain rates and vis-
coelastic properties, which we have shown to change significantly, as
the cells evolve from non-tumorigenic to tumorigenic states.!® In par-
ticular, the dependence of the stiffness and viscosity (of the nuclei
and cytoplasm) appear to provide strong indications of the presence
of TNBC. The trends in the cell viscoelastic properties can also be cor-
related with changes in cell cytoskeletal proteins in ways that could
inform future analyses of cell biopsies and the use of shear assay
techniques for the determination of mechanical biomarkers for the
detection of TNBC in biopsies. Future work is, therefore, needed in
the clear-cut understanding of how the expression of these proteins
affects cell mechanics and promotes tumor progression. Cytoskeletal
inhibitors can, also, be used for further studies of their individual
effects on the cell. Finally, shear assay techniques can be used to m
study of the physiological responses of cells under controlled shear/
laminar flow conditions. These are clearly opportunities for

future work.

5 | CONCLUSION

In this study, we analyzed the variations in the mechanical properties
and cytoskeletal proteins of the tumorigenic TNBC cells and non-
tumorigenic breast cells. We hoverer concluded from the study, that
the shear assay measurements of cell viscoelastic properties (Young's
moduli and viscosities of the nuclei and cytoplasm) reveal significant
differences between the viscoelastic properties of the non-
tumorigenic MCF-10A cells and those of the tumorigenic MDA-MB-
231 cells. The difference in their means and error deviations statisti-
cally proves that a significant difference exists between the properties
of the normal cells and the cancerous cells. The results suggest that
Young's moduli and viscosities of the nuclei and the cytoplasm may
be used to distinguish between non-tumorigenic breast cells and
tumorigenic TNBC cells. Creep strain rates were faster in the cancer-
ous MDA-MB-231 cells compared to those in the normal MCF-10A

cells. There were also higher strains in the nucleus of both the normal
MCF-10A cells and cancerous MDA-MB-231 cells than in the cyto-
plasm of the cells. The internal structure of the heterogeneous cyto-
plasm gives it more rigidity enough to withstand applied stress, than
the nucleus.

The fluorescence intensities of the different components of the
cell cytoskeletal structure (actin microfilaments, microtubules, and
intermediate filaments) can be used to determine the relative volume
densities of the individual components of the cell cytoskeletal struc-
ture, and hence can be used to distinguish between the structures of
non-tumorigenic MCF-10A and tumorigenic MDA-MB-231 TNBC
cells. The relative volume density of the intermediate filaments (kera-
tin 19, keratin 18, keratin 8, keratin 7, and vimentin), and microtubules
(tubulin) are different in non-tumorigenic breast cells and tumorigenic
TNBC cells. In addition, the relative volume densities of the intermedi-
ate filaments are higher in the metastatic MDA-MB-231 TNBC cells.
For keratin 18 and actin, their relative volume densities were greater
in the non-tumorigenic (MCF-10A cells) than in the metastatic MDA-
MB-231 cells. Similar trends are observed for the microtubules, for
which the expression of the tubulin is greater in the metastatic MDA-
MB-231 cells than in non-tumorigenic MCF-10A cells.

There were statistical differences in the relative volume density
of some proteins such as keratin 19, keratin 18, tubulin, vimentin, and
actin. However, no significant differences were obtained for keratin
8, and keratin 7. The strains of the nucleus and cytoplasm between
the normal MCF-10A and MDA-MB-231 cells had significant differ-
ences both at the elastic deformation stage (primary regime) and plas-
tic deformation (tertiary regime).

A combination of the relative volume densities and shear assay
measurements can be used to provide diagnostic insights for the
characterization of non-tumorigenic and tumorigenic TNBC cells.
Such approach can be enabled by fluorescence microscopy imaging
(to reveal the incidence and relative volume densities of the cyto-
skeletal proteins, especially actin) and shear assay measurements of
creep strain rates/cell viscoelastic properties (Young's moduli/
viscosities of the nuclei and cytoplasm). These can be used, respec-
tively, as fluorescence and mechanical biomarkers, for the classifica-
tion of breast cells into non-tumorigenic breast cells and tumorigenic
TNBC cells.

Lognormal distributions were used to characterize the fluores-
cence intensities and strain rates of the different cells, while for the
characterization of the viscoelastic properties of the cell, the normal
distribution provided the best fit. These distributions are best for the
determination of the geometric means and variations in the statistical

data of the cell properties.
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