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New mechanical biomarkers were discovered and used to investigate drug effects on Hela cells. Hela cells
were measured using advanced atomic force microscopy (AFM) techniques before and after treatment with
an anticancer drug (docetaxel, a microtubule polymerizer) and the biomechanical properties of cells were
analyzed using theoretical models. The biomechanical results show that the length of the surface brush, the
factor of viscosity, and the adhesion work of untreated Hela cells reduced from 920 nm, 0.72 and 4.12 x
107 N m to 673 nm, 0.52 and 5.37 x 10~ N m for treated cells, respectively. In order to reveal the
underlying mechanisms of these changes, transmission electron microscopy (TEM) and western blotting
assays were employed to characterize structural changes of the cells. Compared to the untreated cells,
TEM images confirmed a thinner brush layer on the surface of treated cells while the western blotting of
tubulin extracted from the cells indicated an increased microtubule concentration for the treated cells.
These changes are consistent with previous studies on the influence of docetaxel on cells. Based on the
above results, we conclude that docetaxel can lead to an increased microtubule network in Hela cells,
a thinner brush layer on Hela cell surfaces and that the length of surface brush, the factor of viscosity,
and the adhesion work can be exploited as effective mechanical biomarkers to evaluate drug effects on
Hela cells. This work demonstrates a new AFM-based technique that can be exploited to assess drug
action on cells and is promising for the application of drug screening.
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Introduction

The discovery of drugs has made many diseases, particularly
acute disorders, treatable or manageable, resulting in
improvements in quality of life and increased life expectancy.™?
However, the rising costs associated with drug discovery and
evaluation has meant that innovations in this industry are
urgently needed for continual development.® Many approved
drugs target cell membrane proteins and/or cytoskeletons (actin
filaments, microtubules and intermediate filaments).>*
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Therefore, evaluation of the influence of drugs on cell proper-
ties is of great importance for designing and screening drug
candidates, as well as for understanding the biological
processes occurring in cells upon drug exposure. Investigating
drug—cell interactions from the viewpoint of cell mechanics
provides a novel way to evaluate drugs.® Indeed, in recent years
it has been widely recognized that cell mechanics are closely
related to cell structures, and determine many biological
processes and cellular functions.®” Therefore, an evaluation of
mechanical biomarkers of cells following drug treatment is an
important step for drug discovery and evaluation, because
useful information regarding the efficacy and safety of the drugs
can be obtained according to the change of biomarkers.®

Atomic force microscopy (AFM) is a powerful tool for high-
resolution imaging and mechanical measurement of living
cells in near-physiological conditions, and enables systematic,
in situ characterization of the mechanisms governing drug—cell
interactions at the nanometer scale.'* There has been an
increasing appreciation that cell mechanics can serve as an
effective, label-free biomarker for the indication of cell state.®*°
In particular, AFM-based mechanical biomarkers are thought to
be very promising in assisting drug discovery from the
perspective of biomechanics, compared to the traditional
biochemical approaches such as western blotting, X-ray crys-
tallography and radioimmunoassay.®
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The Young's modulus of the cell obtained from the Hertz-
Sneddon model has often been used as a mechanical biomarker
of cell state in drug assays. The drug action can be assessed by
monitoring the cell elastic (Young's modulus) change following
drug treatment.*>'* Rotsch et al.* found that both cytochalasin
and latrunculin can cause a significant decrease in cell Young's
modulus because the two drugs can disaggregate the actin
filaments of fibroblasts; and Fang et al.'® revealed that N-methyl-
p-aspartate (NMDA) can result in an increased Young's modulus
of human neuroblastoma SH-SY5Y cells due to the binding of
NMDA to the NMDA receptors on the cell membrane, which
eventually triggers the opening of ligand-gated ion channel and
facilitates an influx of Ca** into the cells. From these studies, it
is evident that Young's modulus can act as a mechanical
biomarker for cytoskeleton changes. Despite its active role in
the assessment of drug actions, the Hertz-Sneddon model is
based on a number of assumptions in the analysis of cell
Young's modulus. More specifically, the cells have been
considered as a kind of homogenetic, isotropic and linearly
elastic material with an infinite thickness, a smooth surface and
an axisymmetry and infinitesimal deformation during
compression.”"* Consequently, the Young's modulus of cells
has its limitations (like depth dependence), which impedes its
potential applications as an effective mechanical biomarker to
assess cell state.™*

In terms of structures, the majority of cells have a brush layer
(various membrane protrusions, corrugations and glyco-
calyx),"*™® cell membranes, cytoskeleton, cytosol and various
internal organelles.”” Because such complicated structures can
undoubtedly endow cells a variety of other mechanical-related
properties besides the Young's modulus, such as brush prop-
erties, surficial adhesion and viscosity of cells, effective
mechanical biomarkers other than Young's modulus could also
be potentially significant for understanding cell states, espe-
cially for in vitro evaluation of drug effects on cells. Recently, we
investigated the mechanical properties and biophysical roles of
hierarchical structures (such as capsular polysaccharides,
fimbriae, cell wall and cytoplasm) of prokaryotic (bacterial) cells
using both AFM nanomechanics and physical theoretical
models.”*?° In the present work, we aimed to explore new
mechanical biomarkers, other than the Young's modulus, of
eukaryotic cells for drug assays. The new mechanical
biomarkers include the length of surface brush, the factor of
viscosity, and the adhesion work.

HelLa cells have often been used as eukaryotic-cell models to
investigate cell-drug interactions.”**® Luo et al** found that
selenium nanoparticles can influence cell morphology based on
AFM observation. Kim et al.?* investigated the effect of paclitaxel
on HeLa cells using AFM and found that surface roughness of
cells is increased. In addition, Zou et al.*® found the inhibiting
effects of both docetaxel and oxaliplatin on the proliferation of
HeLa cells occur in a dose-dependent manner. However, until
now only limited knowledge is available on the mechanical
information regarding HeLa cell-drug interactions.

Docetaxel is a typical anticancer drug and its cytotoxicity on
HeLa cells has been investigated by using conventional bio-
logical methods.**?®* In order to obtain an in-depth
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understanding of HeLa cell-drug interactions for the ultimate
purpose of drug evaluation, we investigated HeLa cell-docetaxel
interactions based on advanced AFM nanomechanics. Very
interestingly, we found new mechanical biomarkers that can be
used to effectively evaluate the drug effects, which was further
confirmed by transmission electron microscopy (TEM) imaging
of the cells and western blotting of the B-subunit of tubulin
extracted from the cells. The biomarkers discovered through
AFM-based nanomechanical measurements include: (i) the
length of cell surface brush, (ii) the factor of cell viscosity, and
(iii) the cell adhesion work. The results show that these three
physical parameters of the docetaxel-treated HeLa cells are
significantly smaller than the untreated controls, indicating
that such parameters can be used as mechanical biomarkers for
the assessment of docetaxel effects on HeLa cells. The tech-
nique demonstrated in this work could also be potentially used
to evaluate other cell-drug interaction systems.

Experimental section
Cell culture

HeLa cells (CHI Scientific Incorporation, China) were cultured
in cell culture media including Dulbecco's Modified Eagle
Medium (DMEM), fetal bovine serum (FBS, 10%), penicillin
(100 units per mL), and streptomycin (100 units per mL) in 25
cm” tissue culture flasks (Corning Inc., New York, USA) in a 5%
CO, humidified atmosphere at 37 °C. All chemicals used in the
culture media were purchased from Thermo Fisher Scientific
(China branch), Shanghai, China. The culture media was
changed every other day until the cells were ~90% confluent (3-
4 days) for subsequent subculture. Afterwards, the media was
removed and cells were washed with 2 mL of phosphate buffer
solution (PBS, pH 7.4, Gibco), treated with 2 mL 0.25% trypsin-
EDTA (Gibco) for 2 minutes, and neutralized with 4 mL cell
culture media. The culture solution containing cells was gently
mixed with a pipette several times until ~95% cells were
removed from the wall of the flask. The cell solution was
transferred to a 15 mL tube (Corning Inc., New York, USA) and
centrifuged at 1000 rpm for 3 minutes. The pellets were re-
suspended in 1 mL culture media and the prepared cells were
ready for use in the following experiments.

Cell viability test, optical microscopy observation and cell
sample preparation for AFM measurements

Docetaxel was obtained from Southwest Hospital, China, which
was first dissolved in dimethyl sulfoxide (DMSO) at a concen-
tration of 10 mg mL~" and further diluted to 10, 20, 30, 40 and
50 ug mL " in cell culture media.

The viability and proliferation of the cells were analyzed
using a commercial cell counting kit (7Sea Cell Counting Kit
(CCK-8), 7Sea Biotech, Shanghai, China), according to the
manufacturer's instructions. More details can be found in the
ESI.} The inhibition rate was calculated based on the measured
absorbance value (OD,s,) of the wells, according to the formula:
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(OD450,comrol well — OD4507experimemal Well)

Inhibition rate =
OD450,conlrol well

x 100% &Y

Following the CCK-8 assay, the plates were further examined
using an inverted optical microscope (Olympus Corporation,
Tokyo, TH4-200, Japan) to observe the cell morphology. To
prepare cell samples for AFM measurements, HeLa cell solution
prepared as described in “Cell Culture” was diluted in the cell
culture media to a density of 1 x 10> cells per mL and 5 mL of
the cell solution was seeded in a Petri-dish (60 mm x 15 mm,
Corning Inc., New York, USA) coated with poly-L-lysine (P2100,
5 mg mL~" in Milli-Q water (18.2 MQ cm™ ), Solarbio, Beijing,
China) and cultured for 12 h. The media was then removed and
the Petri-dish was washed with 2 mL PBS before the addition of
4 mL cell culture media with 0.5% DMSO (control group) or
4 mL docetaxel solution (50 ug mL ™", experimental group). Cells
were then incubated for a further 12 h at 37 °C at 5% CO,.
Finally, the culture media was removed from the Petri-dish and
replaced with 5 mL of PBS, and the Petri-dish was used imme-
diately for AFM experiments. We note that poly-r-lysine is
a widely used biocompatible material for facilitating the
attachment of cells on the substrate for AFM measurement and
did not show an obvious influence on cell viability, as reported
by others.””

AFM imaging and force measurement

AFM experiments were performed at room temperature using
the Dimension Edge Instrument (Bruker Nano Surfaces, Santa
Barbara, USA). Soft AFM cantilevers (MLCT, Bruker Nano Inc.,
Camarillo, USA) with a nominal spring constant of 0.03 N m ™"
were used. The sensitivity and spring constant of the cantilevers
were calibrated against the surface of a Petri-dish in PBS buffer
using the AFM software.'®'® Contact mode AFM was used to
image cells with an optimized scan rate (0.2-0.5 Hz) and
minimized load. To provide a statistical analysis of the cell
height, ~30 cells for each type of the untreated and docetaxel-
treated HeLa cells were measured from three independent
experiments. The data are presented as the averaged value +
standard deviation. The statistical significance (p-value) of the
data was analyzed by a one-way ANOVA test using Origin 8.5
software (OriginLab Co., Northampton, USA) and P < 0.05 was
considered statistically significant.

An optical microscope coupled with the AFM system was
used to initially image cell samples. The AFM tip was then
accurately positioned on the apex of an individual target cell. To
ensure that the data obtained could be analyzed with statistics,
at least 10 force curves were collected at a loading/unloading
speed of 1 um s~ with a threshold loading force of ~3 nN on
each cell, and more than 20 cells from at least three indepen-
dent experiments were measured. Under this threshold loading
force, the cell structure appeared unaffected, since abrupt drops
or spikes in the approach force curves were not observed. It has
been demonstrated that if a cell was punctured by the AFM tip,
abrupt drops or spikes should appear in the approach force
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curve.”® The collected raw force curves were converted into
force-distance curves by correcting cantilever bending through
removing the cantilever bending from the piezo displacement
using a self-written procedure based on Igor Pro (Version 6.04,
Wavemetrics Inc., Lake Oswego, USA).

Force data analysis

To analyze the force profiles, it is essential to determine the
point of contact, ie., zero tip-sample distance. Under the
current experimental conditions, the contact is defined as the
piezo displacement where the cantilever starts to deflect
upward. The force-distance curve includes two curves: the
approach curve and retraction curve. Negative distance values
in the approach curve indicates that the tip pressed into the cell,
while in the retraction curve it indicates the tip is still in contact
with the cell. The initial part of the approach curve was fitted to
a modified Pincus theory (eqn (2)), from which the length of the
cell surface brush can be obtained. The Pincus theory was
originally proposed for the compression of a polymer brush*
and later modified to fit the surface polymers of a bacterial
cell.®®**?*° The modified Pincus theory can be written as:

60
Floading = Ap In ﬁ (2)
L

where the applied loading force, Fioadging is @ function of the
distance, 6, 67 is the onset of linear compliance on the approach
curve, and A}, is the pre-factor. Detailed information regarding
the theory and data analysis can be found in the ESL{

From the retraction curve, the adhesion work of the tip-cell
interaction can be calculated by integrating the area between
the negative portion of the retraction curve and the zero force
line.®* In addition, the hysteresis between the approach and
retraction curves indicating energy dissipation during the
indentation measurement was analyzed by introducing the
factor of viscosity, ¢, a parameter characterizing the relative
viscous/elastic behavior of materials under external stresses

(ean (3)*
¢ = viscous energy/(viscous energy + elastic energy) (3)

Igor Pro (Version 6.04, Wavemetrics Inc., Lake Oswego, USA)
and Matlab (Version R2010a, MathWorks Inc., Natick, USA)
procedures were written for the analysis of force curves to
extract physical parameters regarding the cell surface brush, the
adhesion work and the factor of viscosity. Origin 8.5 was used
for the statistical analysis of the brush length, the factor of
viscosity and the adhesion work, which were fitted to a Gaussian
function. The data are presented as the fitted value + standard
deviation. The significance of the data was analyzed by one-
sample t-test analysis of hypothesis testing and P < 0.05 was
considered statistically significant.

TEM imaging

HelLa cells prepared as described in “Cell Culture” were cultured
in 25 cm? tissue culture flasks with 5 mL of culture media
containing 0.5% DMSO (control group) or docetaxel solution

This journal is © The Royal Society of Chemistry 2017
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(50 pg mL ™', experimental group) for 12 h. Afterwards, the cells
were collected by washing, trypsinization, neutralization and
centrifugation, as described above in “Cell culture”. The cell
precipitates from both the control and docetaxel-treated
samples were then fixed with 2.5% glutaraldehyde in 2 mL of
0.1 M PBS buffer for 4 h at 4 °C and post-fixed in 1% osmium
tetraoxide at 4 °C. The samples were washed with PBS buffer,
dehydrated with a graded series of ethyl alcohol (50%, 70%, and
90%), embedded in resin, sectioned using ultramicrotome and
stained with uranyl acetate and lead citrate.”® The stained
samples were then viewed under TEM (JEOL-1400, JEOL Ltd.,
Tokyo, Japan) at a voltage of 80 kV. A magnification of 4000x
was used in imaging.

Western blot assay

HeLa cells prepared as described in “Cell culture” were cultured
in cell culture media containing 0.5% DMSO (control group) or
media containing docetaxel (50 pg mL™", experimental group)
for 12 h and then harvested as described above in “Cell culture”
and washed three times with PBS buffer. Detailed information
regarding the western blot assay can be found in the ESL

Results and discussion
Cell viability tests

The effect of docetaxel on the viability of HeLa cells was tested
using the CCK-8 colorimetric assay, as detailed in “Experi-
mental section”. The inhibition rate of HeLa cells was calcu-
lated by comparing the OD,;5, of cells exposed to 0.5% DMSO
(reference control) to cells exposed to varying concentrations of
docetaxel (10, 20, 30, 40 and 50 g mL~"). As shown in Fig. 1, the
inhibition rate of HeLa cells increased with increasing
concentration of docetaxel, ranging from ~27% at 10 pg mL ™"
to ~84% at 50 ug mL ™. The docetaxel concentrations used, and
the inhibition rate observed in this experiment is very similar to
that of Zou et al., who tested the viability of HeLa cells upon
treatment with docetaxel using a MTT assay method.*

100 T T T T T

60 | I .
40} il

i

20 E

Inhibition rate (%)

0
0 10 20 30 40 50
Concentration of docetaxel (ng/mL)

Fig. 1 The inhibition rate of Hela cells using the CCK-8 assay. Hela
cells were treated with different concentrations of docetaxel (10, 20,
30, 40 and 50 pg mL™Y for 12 h. Following treatment with CCK-8,
viable cells were quantified by measuring the ODy4s9 of sample wells.
The error bar represents the standard deviation.
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Optical microscopy of HeLa cell morphology

Optical microscopic images of docetaxel-treated and untreated
HeLa cells are shown in Fig. 2. Untreated HeLa cells displayed
a normal, spindle-like morphology (Fig. 2A). However,
docetaxel-treated HeLa cells took on a more rounded shape and
the number of adherent cells gradually decreased with
increasing docetaxel concentration (Fig. 2B-F). These results
indicated that docetaxel can induce changes in cell morphology
and reduced cell growth and/or adherence in a dose-dependent
manner, which is consistent with other results reported on the
effects of docetaxel on HeLa cells,* and is also similar to that of
HeLa cells exposed to, selenium nanoparticles (a potential
anticancer drug).*

AFM study on single cell morphology

An in-depth study on the morphology of individual HeLa cells
was performed using AFM imaging in a liquid environment.
The general shape of both the control and drug-treated cells was
consistent with their corresponding optical images (Fig. 3).
However, AFM images can provide other details on cell
morphology compared with the optical microscopy. For
example, the lamellipodia can be clearly observed surrounding
the untreated cell (Fig. 3A), however is greatly reduced in the
docetaxel-treated cell (Fig. 3C). In addition, the apparent height
of the docetaxel-treated cell is significantly higher than the
untreated HeLa cell, as shown in Fig. 3B and D, respectively. It is
possible that the height of cells measured by AFM is smaller
than the true height of cells because the AFM tip—cell and
substrate-cell interactions can deform the cells, resulting in
a lower measured height. Nonetheless, the apparent height
measured by AFM imaging is still a very useful parameter to
evaluate the influence of docetaxel on the morphology of HeLa
cells, given that imaging conditions used in our experiments,
including the substrate, tip and buffer and imaging parameters,
were highly consistent. By measuring ~30 cells for each type of
the treated and untreated HeLa cells from three independent
experiments, it was found that the average height of docetaxel-
treated HeLa cells was 3.73 + 0.53 pm, significantly higher (at
the 0.05 level) than the untreated HeLa cells with an average
height of 2.43 £ 0.59 pm. These results indicate that docetaxel
has effects on HeLa cells and dramatically changed the cell
structure, as evidenced by the morphological changes of
increased height and reduced lamellipodia. The disappearance
of lamellipoda of HeLa cells has also been observed by AFM for
cells treated with selenium nanoparticles.*

Biomechanical study of HeLa cells

The benchmark test concentration (BTC) of a drug is the
concentration beyond which there is no further significant
response, and can be used as an appropriate way to evaluate
drug efficacy.”® In our experimental conditions, the BTC of
docetaxel for HeLa cells was 50 pg mL ™" according to a pre-test.
Therefore, a concentration of 50 ug mL™" was chosen to treat
HeLa cells for subsequent AFM studies. These experiments
involved generating and analyzing force-distance curves to

RSC Adv., 2017, 7, 43764-43771 | 43767
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Fig. 2 Representative images of Hela cells following exposure to varying docetaxel concentrations, observed using an inverted optical
microscope. (A) Control, (B) 10 pg mL™2, (C) 20 pg mL™2, (D) 30 pg mL™%, (E) 40 pg mL™2, and (F) 50 pg mL~L. Allimages are of the same size and

the scale bar represents 100 pm.

o

Height (um)
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Lateral distance (um)

/\_
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Height (um)

Fig. 3 Analysis of the morphology of Hela cells using AFM imaging
techniques. The cells were observed using AFM before (A and B) and
after (C and D) docetaxel treatment (50 pg mL™Y). (A) and (C) are
deflection images while (B) and (D) are height images. The insets in (B)
and (D) are the section profiles along the white lines, respectively,
showing the height of the cells. The deflection image is formed by the
“error” signal due to the intrinsic hysteresis of the AFM feedback system
and can show the sample morphological feature with a high resolution.
All images are of the same size and the scale bar represents 10 pm.

extract biomechanical parameters of cells. A typical force-
distance curve collected on a HeLa cell is shown in Fig. 4A, from
which a hysteresis between the approach and retraction curves

43768 | RSC Adv., 2017, 7, 43764-43771

is observed, which is common for soft materials due to energy
dissipation.* The yellow area of the curve (the region between
the approach curve, retraction curve and zero-force line) repre-
sents the viscous energy, while the green area of the curve (the
region between the positive force portion of the retraction force
curve and the zero-force line) represents the elastic energy.* It is
clear that the cell cannot be modeled as an ideal elastic body due
to the viscous deformation observed. The factor of viscosity, ¢, as
described in “Experimental section” was used to evaluate the
deformation properties of the cell. In addition, the adhesion
between the AFM tip and cell surface existed during the with-
drawing process of the tip, which contributes to the measured
adhesion work. The adhesion work was calculated by the inte-
gration of the area between the zero-force line and the negative
force section of the retraction force curve. As shown in Fig. 4B,
the approach curve was fitted to the modified Pincus theory (see
“Force data analysis” in “Experimental section”), from which the
properties of the cell brush can be extracted. The brush layer was
estimated as the distance in the force-distance curve where the
modified Pincus theory no longer fits the initial part of the
approach curve. In this example, the region between 0 to —1.01
um was well-fitted to the modified Pincus theory, which esti-
mated that the length of cell brush was 1.01 um. Detailed
information on the data fitting can be found in the ESL}

The results of the extracted physical parameters from more
than 200 force curves analyzed for both the untreated (control) or
docetaxel-treated cells are summarized in Table 1. It was
observed that the values of surface brush length, factor of
viscosity and adhesion work of untreated cells were significantly
higher than docetaxel-treated cells. The brush length, factor of
viscosity and adhesion work of untreated cells reduced from
920 nm, 0.72 and 4.12 x 10" ** N m to 673 nm, 0.52 and 5.37 X

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Biomechanical study of Hela cells. (A) An example of a force
versus distance curve obtained on an untreated Hel a cell, showing the
approach curve (red) and the retraction curve (black). The viscous
energy (yellow area), elastic energy (green area) and adhesion work
(blue area) can be obtained from the force distance curve, (B) the
approach curve (black circle) is plotted on a semi-log scale and the
region between 0 to —1.01 um can be well-fitted to the Pincus theory
(purple line), which estimates the cell surface brush length to be 1.01
pum. The black line shows a linear fit to the force profile and was used to
determine the onset of the linear compliance region, 6, estimated to
be —3.03 um in this example.

10~ N m for treated cells, respectively. Based on the above
results, it is evident that the properties of HeLa cells have been
substantially changed following 50 g mL ™" docetaxel treatment.

Cell surface brush changes

From the nanomechanical measurements, we observed that the
cell surface brush length was significantly reduced by ~250 nm
following docetaxel treatment. These results were further
confirmed by TEM images of the cells with or without docetaxel
treatment (Fig. 5). The TEM images showed that the treated
cells (Fig. 5B) displayed shorter and less abundant brush
projections on the cell surface and also showed a smaller
nucleus (N) and an absent/fragmented nucleolus (NL),
compared to the untreated cells (Fig. 5A). The estimated
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Fig. 5 TEM micrographs of Hela cells. Morphologies of (A) untreated
and (B) docetaxel-treated Hela cells were observed by TEM. The
surface brush of the docetaxel-treated cell is shorter and less dense as
the untreated cell, as shown by the region marked between the dashed
red and black lines. The nucleus (N) and nucleolus (NL) are marked.

thicknesses for the untreated (n = 15) and treated cells (n = 15)
from three independent experiments are 980 £ 170 nm and 650
+ 130 nm, respectively. The TEM observations are highly
consistent with the report by Xiao et al., who observed that in
comparison with the control, HeLa cells treated with soyasa-
ponin (an antitumor agent) have smaller nuclei, fragmented
nucleoli and microvilli with substantially decreased length and
abundance.”® The high consistency between the TEM imaging
and AFM mechanical measurement strongly suggests that the
brush length obtained from the modified Pincus theory fitting
to the approach force curve can be used as an effective
mechanical biomarker to detect the effect of docetaxel on HeLa
cells. Since HeLa cells treated by docetaxel have reduced brush
length and abundance compared to untreated cells (Fig. 5), it is
reasonable to observe that the measured adhesion work is also
reduced (Table 1), since less brush-tip interactions will occur in
the process of withdrawing the AFM tip from the treated cell.

Cytoskeletal changes

Both the optical microscopy and AFM images showed that the
morphology of HeLa cells changed from a spindle-like shape to
a rounded structure following exposure to docetaxel. AFM
images also showed that the height of HeLa cells increased and
lacked almost all lamellipodia after docetaxel treatment (Fig. 3).
These changes could suggest that the internal structure of HeLa
cells had changed, since cell morphology is influenced by the
cytoskeleton, while the lamellipodia are determined by intra-
cellular actin molecules.**

It has been reported that docetaxel can bind to the -subunit
of tubulin in tumor cells and enhance microtubule polymeri-
zation, resulting in cell mitosis inhibition and ultimately cell

Table 1 Summary of physical parameters extracted from the analysis of the force profiles for Hela cells using the Pincus theory, the factor of

viscosity and adhesion work

Parameter Control Treated *p value
Brush length (nm) 920 + 116 673 £ 56 <0.05
Factor of viscosity 0.72 %+ 0.02 0.52 + 0.01 <0.05
Adhesion (N m) (4.12 £ 0.13) x 10~ *° (5.37 £ 0.43) x 1077 <0.05
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apoptosis.”® Our western blot results show that the amount of -
subunit of tubulin is increased (the bands marked by 4, 5 and 6
in Fig. 6) after the cells were treated with docetaxel, consistent
with immunofluorescent microscopy studies of microtubule
changes upon the addition of docetaxel to HeLa cells.*® The
results suggest that the amount of microtubules increased in
HeLa cells treated with docetaxel. This could explain the
reduced factor of viscosity obtained from AFM nanomechanics
(Table 1), in that an increased amount of microtubules could
increase the elasticity of the HeLa cells and decrease the viscous
deformation, relatively, resulting in a lower factor of viscosity
for docetaxel-treated HeLa cells. The immediate implication of
this result is that the factor of viscosity could be used to predict
internal structural changes of HeLa cells treated by docetaxel.

Spedden et al. have reported that the elasticity of living cells
increased 35% after the addition of Taxol which is a well studied
drug with known microtubule stabilizing effects in cells.*” By
combining with fluorescence microscopy, they confirmed that
compared to the untreated cells, the concentration/network of
microtubules in the treated cells increased and was positively
related to the local elasticity of the cells. In our experiments, we
also confirmed that the addition of docetaxel increased the
concentration of microtubules using the western blot assay. In
addition, from the definition of the factor of viscosity, it is not
difficult to understand that the higher the cellular elasticity
(indicating higher elastic energy) the lower the factor of viscosity.
As can be seen from Table 1, compared to the untreated cells, the
factor of viscosity of the docetaxel-treated cells decreased, which
means the elastic energy was more predominant. Therefore, our
results are consistent with the work by Spedden et al. However, it
is necessary to point out that although our evidence shows that
the increase of microtubule concentration contributed to the
decrease of the factor of viscosity, other factors such as nucleus
change might also involve more or less in this change, which
needs to be further explored.

Nanomechanical biomarkers

Based on above results and discussions, we observed that the
brush length, the factor of viscosity and the adhesion work of
HeLa cells exposed to docetaxel are significantly different from
the cells without exposure. As confirmed by the TEM and western

1 2 3 4 5 6

— — — — e e [3-tubulin

ann s amn aEp ese ams»  -actin

Fig. 6 Western blot analysis of the B-subunit of tubulin from Hela
cells. Protein from the supernatant of lysed Hela cells were separated
by SDS-PAGE and probed for the B-subunit of tubulin (top) and B-actin
(bottom). Shown are triplicate samples from untreated cells (lanes 1, 2
and 3) and 50 pg mL™! docetaxel-treated cells (lanes 4, 5 and 6). B-
actin was used as a loading control for the quantification of B-subunit
of tubulin. It is evident that the amount of the B-subunit of tubulin in
lanes 4, 5 and 6 is higher than in lanes 1, 2 and 3. The molecular weight
of the B-subunit of tubulin is 55 kDa and that of B-actin is 42 kDa.
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blot experiments, these physical parameters obtained via AFM
mechanical measurements are related to the cytoskeleton and
cell surface brush, which could be used as effective nano-
mechanical biomarkers to detect the efficacy of docetaxel on
HeLa cells. Although the modified Pincus theory has in the past
been used to investigate prokaryotic (bacterial) cells, it has not
been used to study the surface brush of eukaryotic cells."*** The
surface brush of normal and cancerous eukaryotic cell lines has
been studied using another polymer brush theory, but is effective
on eukaryotic cells only by employing a colloid probe, which is
inherently less capable of the high spatial and force resolution
that sharp AFM tips can offer,'*** as demonstrated in the present
study. The factor of viscosity has often been used to evaluate
inorganic or organic materials, but has not been widely used to
study the mechanical properties of eukaryotic cells. We found
that the factor of viscosity is a very useful physical parameter for
cell nanomechanics. In addition, although the adhesion work
has been used to differentiate normal and cancerous cells, it has
not been exploited to evaluate the effects of anticancer drugs on
cells to our knowledge.*® Consequently, we have demonstrated
a new and meaningful technique with promising applications in
drug screening. It needs to keep in mind that cells are viscoelastic
materials the operational parameters in the force measurement
such as the loading/unloading rate of the tip and the dwell time
for the tip on the cell surface could influence the factor of
viscosity and probably the adhesion work.*

In this work, we mainly focused on the establishment a label-
free biomechanical markers-based technique to assess the
action of docetaxel on HeLa cells, so we only compared the
mechanical properties of the untreated cells with the cells
treated by the drug for 12 h and did not investigate the
biomechanical changes with varying exposure times. However,
from previous studies we know that for a docetaxel dosage
= 50 ug mL ", the inhibitory action of docetaxel on HeLa cells
increased with the exposure time for at least up to 72 hours.*
Therefore, it is very likely that within a docetaxel dosage
= 50 ug mL " and a time period < 72 h, the brush length, the
factor of viscosity and the adhesion work of the drug treated cells
will decrease with the exposure time. In addition, it has been
proved that docetaxel could be used as an effective anticancer
agent for various cancerous cell lines by inducing cell death
through impairing the dynamic of microtubules and promoting
the polymerization of microtubules.** Therefore, the technique
demonstrated in this work could be exploited to assess the action
of docetaxel on cancerous cells from patients, as far as structural
changes occurred in the cells upon drug treatment.

Conclusions

In summary, an AFM force measurement technique was used to
investigate the biomechanical properties of HeLa cells with or
without treatment by an anticancer drug, docetaxel. It was
observed that the brush length, the factor of viscosity and the
adhesion work of HeLa cells subjected to docetaxel treatment
were reduced, compared to untreated HeLa cells. These changes
can be attributed to the influence of docetaxel on the cell skel-
eton (mainly microtubules) and the cell surface brush, which

This journal is © The Royal Society of Chemistry 2017
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were shown to be altered by TEM imaging and western blot
analysis of tubulin production. The above results indicated that
the brush length, the factor of viscosity and the adhesion work
measured by AFM could be used as effective mechanical
biomarkers for the evaluation of the effects of docetaxel on HeLa
cells. To the best of our knowledge, these mechanical
biomarkers have not yet been used for drug assays. The tech-
nique demonstrated in this work could also be used in other
drug-cell interaction systems if the drug causes cytoskeletal
changes or cell brush alterations, which is true for many anti-
cancer drugs. For example, we have also interrogated the inter-
actions between curcumin (an anticancer drug) and SH-SY5Y
neuronal cells and found that these newly reported mechanical
biomarkers can be used to evaluate the cell state (unpublished
data). We hope these new nanomechanical biomarkers demon-
strated in this study could be exploited to help improve the
efficiency of drug screens and discovery of new drugs.
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