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Abstract: Cellular elasticity is frequently measured to investigate the biomechanical effects of
drug treatment, diseases and aging. In light of cellular viscosity property exhibited by filament
actin networks, this study investigates the viscoelasticity alterations of human hepatocellular
carcinoma (SMMC-7721) cell subjected to fullerenol treatment by means of creep tests realized
by AFM indentation. An SMMC-7721 cell was first modeled as a sphere and then a flattened layer
with finite thickness. Both Sneddon’s solutions and Dimitriadis model have been modified to
adapt for viscoelastic situation, which are used to fit the same indentation depth — time curves
obtained by creep tests. We find that the SMMC-7721 cell’s creep behavior is well described by
the two modified models, and the divergence of parameters determined by the two models is
justified. By fullerenol treatment, the SMMC-7721 cell exhibits a significant decrease of elastic
modulus and viscosity, which is presumably due to the disruption of actin filaments. This work
represents a new attempt to understand the alternation of the viscoelastic properties of cancerous
cells under the treatment of fullerenol, which has the significance of comprehensively elucidating
the biomechanical effects of anticancer agents (such as fullerenol) on cancer cells.

l. INTRODUCTION

Since the discovery of buckminsterfullerene (Cg) in 1985, fullerenes have been attracting much
attention for its potential function in biomedical areas, e.g. cancer diagnosis and therapy.' Despite
of its promising medical prospects, Cyo has inferior solubility in aqueous solutions which prevents
its popularity in biological applications.” However, this issue is circumvented to a great extent by
chemical or supramolecular method, and thus various functionalized fullerenes have been
compounded to achieve promising results.’ For example, by adding hydroxyl groups onto
fullerene molecules, a fullerene derivative termed as fullerenol [Cgo(OH),], is synthesized which
exhibits good water solubility and biological compatibility.*?

Recent work has shown that fullerenol could impact the cytoskeletal structure whose dynamic
alterations are correlated with physiological and pathological processes, e.g. cell growth,
differentiation, cancer proliferation, metastasis and apoptosis. Zhou et al.’ indicated that the
disruption of the actin cytoskeleton and microtubule network can induce apoptotic events.
Johnson-Lyles et al.” investigated the biological responses of renal proximal tubule cells which are
exposed to fullerenol, to find that cell death induced by fullerenol is associated with cytoskeleton
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disruption. Jin et al.’ separated fullerenol by two fractions, and they found that the fullerenol
fraction with a surface electric charge of -1.913 % 0.008q (x10° C) could form intermolecular
hydrogen bonds with filament at a stoichiometric ratio which could disturb actin filament structure
and might inhibit cell locomotion or even induce apoptotic on cells. Besides, the anti-infiltration
of tumor and anti-proliferative effect exhibited by fullerenol make it a promising agent with
potential antitumor and anticancer.” "

Studies show that cancer progression is related to alterations in cell mechanical properties and
responses to mechanical stimuli.'' The mechanical stability of cells is regulated by dynamic
networks of cytoskeletal filaments such as microtubule and actin.'” Changes in the mechanical
phenotype of cells could reveal important information about alternations in cytoskeletal networks,
such as changes in the cell rigidity correlated with malignant transformation and cancer
progression. In this sense, cyto-mechanical properties could be used as bio-index to distinguish
normal cell from its abnormal counterpart. Since fullerenol could inhibit the synthesis of
microtubules and disrupt actin filaments,” * the investigation of cellular mechanical properties
subjected to fullerenol treatment would provide instructive information about cancerization.

The last decade witnesses the popularity of cellular elastic modulus being bio-indexed to

> 1 and aging.'” The elastic

characterize the biomechanical effects of drug treatment,14 diseases,1
modulus of individual cells is frequently measured by means of atomic force microscopy (AFM).
In the AFM indentation, the load is applied by a cantilever which has been calibrated, and the
cantilever tip, either a pyramid, a cone, or a sphere, is brought into contact with the surface of the
subject cell. The indentation force and the concurrent indentation depth of tip into the cell are
monitored, and the elastic modulus of a single cell can be calculated by fitting the indentation
curve with Hertz contact model. However, the Hertz model may ignore the fact that the

1820 The determined elastic moduli by

indentation curve is indeed dependent on the loading rate.
means of an elastic contact model might vary with the loading rate and applied load which is
inconsistent with the definition of elastic modulus as a material’s intrinsic property, which is also
very well known as an effect of viscoelasticity of cells’’. Since it has been confirmed that
biological cells exhibit both elastic and viscous behaviors by stress relaxation® and creep tests,”
** a more rigorous approach should consider the viscoelastic property of biological cells.

As one of the most important participants in the mechanical integrity of eukaryotic cells,
filament actin itself exhibits viscoelastic property”. Thus alternations in organization of actin
filaments can induce changes not only in their elasticity but also Viscosity,26 which inspires us to
use the viscoelastic property as bio-marker to evaluate the effect of cytoskeleton disrupting drugs
on cells. In the present study, we implement the quantification and comparison of the viscoelastic
properties between the living cancerous cell and its fullerenol-treated counterpart. Hereupon,
human hepatocellular carcinoma cells (SMMC-7721) as one of the most common types of cancers
worldwide, are presented as subject samples. Both control and treated SMMC-7721 cells are

subjected to creep tests realized by AFM indentation”

. The single modal behavior of the cells is
analyzed in terms of a standard solid model characterized by a single apparent viscosity and two
elastic moduli. Taking cell morphology into consideration, we first routinely consider the cells as
a spherical shape, and have applied Sneddon’s solutions to fit the indentation depth—time curve
obtained in the creep test. Then the cell is treated as a thin layer with finite thickness to provide
more factual modeling, and a more realistic model, i.e. Dimitriadis model® is used to fit the same

indentation depth—time curves. We found that both models provided good agreements with

2
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1

2

3 1  experimental results of indentation depth—time curves. The determination of viscoelastic
4 2 parameters by the two models confirms the variation in elasticity and viscosity of SMMC-7721
2 3 cells induced by fullerenol. The investigation suggests that the quantification of the viscoelastic
7 4 properties of single living SMMC-7721 cells treated by fullerenol could also be used to evaluate
8 5  the effect of fullerenol on cancer cells and thus to provide insight into cancer progression.

: :

11 7 . METHODS

12 8 A. Cell Preparation

13 9 The SMMC-7721 cell line was purchased from the Cell Bank of the Shanghai Institute of Cell
12’ 10  Biology, Chinese Academy of Sciences. Cells were cultured in Roswell Park Memorial Institute
16 11 (RPMI)-1640 medium containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100
17 12 pg/ml streptomycin, incubated in a humidified atmosphere of 5% CO, and at a temperature of
18 13 37°C. After an exponential phase of 24 hour incubation, the cells adhered to the bottom of flask,
:zlg 14  and they were treated by trypsin so that they could detach the bottom. The detached cells were
21 15  seeded in a 3.5mm petri dish and incubated for another 24 hours at 37 °C for fullerenol treatment,
22 16  whereupon cells might undergo morphological changes. The commercial aqueous solution of
23 17  fullerenol has a concentration of 2 mg/ml, and it was then diluted with RPMI-1640 media with 10%
gg 18  of fetal bovine serum to 0.53 xuM/ml. Afterwards, 2 ml of the diluted fullerenol solution was added
26 19  to the aforementioned petri dish which contained SMMC-7721 cells. For comparison, 2 ml of
27 20  RPMI-1640 media with 10% of fetal bovine serum was added to the control cells.”'

28 21

ég 22 B. Atomic Force Microscopy

31 23 The module of the AFM employed in this study is JPK NanoWizards 3 BioScience, and it is
32 24 mounted on an inverted optical microscope, allowing the AFM and optical microscope imaging
33 25  simultaneously. The criterion for cantilever selection is that the compliance of the cantilever
gg 26 should be around the range of the sample compliance. For very soft and delicate cells, the softest
36 27 cantilevers are available with spring constants ranging from 0.01 to 0.06 N/m.*> Before indentation,
37 28  the spring constant of the AFM cantilever was calibrated. A silicon nitride cantilever with the
38 29  spring constant 0.059 N/m after calibration, was used for the cell-tip indentation in this work. The
Zg 30  probe is a square pyramid tip with a half-opening angle of f = 25° (half-angle to face), and its
41 31  radius and height are 10 nm and 4 um respectively. The choice of the probe size is in line with
42 32 others researchers®.

43 33

3; 2

46 35

47 36 Fig.1(a) shows schematically that the displacement of a pyramid tip along a distance J inwards
48 37  a half-space material creates a tip-material contact area, which is determined by the contact depth
gg 38 . Since the AFM cantilever tip is a pyramid, the projection area 4 of the tip-sample contact
51 39 surface is not circular, i.e. not axisymmetric. However, numerical analysis“’ % indicates that
52 40  Fig.1(a) could be approximated by the contact between the conic indenter and the substrate
gi 41  material as illustrated in Fig.1(b) with a negligible error of 0.012, as long as the conic gives the
55 42  same projected area-to-depth ratio A/h as that of the pyramid. In this regard, the half-opening
56 43 angle f of the conic is 27.75° in order to retain the same area-to-depth ratio of pyramid shown in
57 44 Fig.1(a).

58
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C. Loading details

In order to quantify viscoelastic properties of material of interest, it is a common method to
monitor the creep response of material corresponding to an invariant force. To realize the creep
test on single cells, the loading history of indentation force is illustrated in Fig.2(a). The loading
could be approximated by an Heaviside step function as shown in Fig.2(b), as long as the ramping
period (stage I) is much smaller than the characteristic time constant of the viscoelastic
materials.” In the present AFM indentation test, the creep tests were achieved by constant force
delay mode where the force reaches its maximum value (2 nN) within 0.05 seconds and dwells at
the peak value for 5 seconds followed by a linear unloading of 40 n/N/s, as shown in Fig.2(a).

D. Theoretical Model

The viscoelastic behavior of materials can be simulated by combinations of elastic elements
(springs) and viscous elements (dashpots).36 The combinations are used to derive equations that
describe the deformation of the material subjected to specific loading history. One of the simplest
models that predicts creep behavior is called the standard solid,”’ which is shown schematically in
Fig.2(c). It is comprised of an elastic spring, which describes an instantaneous elastic deformation,
placed in series with a parallel combination of a spring and dashpot (Kelvin-Voigt element),
which describes a delayed elastic deformation.

In the present study, the creep data of the cell are interpreted by the standard solid model since
we observe evidence for both an instantaneous elastic response and a delayed elastic response. The
stress o applied on the spring element is proportional to its strain ¢, i.e. 0 = Eg, while the stress on
the dashpot element is proportional to the rate of its strain, i.e. o = #.de/dt. The coefficients E and #
are the Young’s modulus and viscosity respectively. For the constitution shown in Fig.2(c), the
corresponding constitutive relation is given as

n do E E, nE, de

= e+ (1)

E\+E, dt  Ei+E, E{+E, dt

where £ and E, denote the two spring constants. If the stress ¢ is a unit Heaviside step function o
= H(?), the corresponding output strain is termed as the creep compliance J(¢), and it is expressed
as

1-e~t/T
—

K0=é+

where t = n/E,, termed characteristic retardation time corresponding to the time during which the
sample deforms by 1-¢”! (or 63.2%) of the total creep deformation. It can be seen from Eq. (2) that
J (0+) = 1/E,, and J () = 1/E; + 1/E,. Thus, the standard solid model has an instantaneous
modulus £y = E, and equilibrium modulus E,, = E\E>/(E|+E>). It should be born in mind that the
three element model is a relatively universal model and it covers two extreme cases. For example,
as E,—oo, Fig.2(c) degrades to a spring in parallel with a dashpot (Kelvin model) whilst as £,—0,
the three element model reduces to a spring in series with a dashpot (Maxwell model).

FIG.2

In general, biological cells spread on petri dish in various shapes, some like spheres and some

14, 38, 39

like pancakes. Therefore, we consider cells have either spherical or flattened shapes as

4
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shown in Fig.2(d) and (e), respectively.

As shown in Fig.2(d), if the indentation depth of conic into the cell is small (usually less than
one tenth) compared to the height (diameter) of the cell, the cell could be treated as a semi-infinite
space. According to the Sneddon’s solutions® for the elastic deformation of the semi-half
substrate under the pressure of a conic indenter, the dependence of indentation depth ¢ on the
indentation force F'is given by

2
52 = T(1-v )cotﬁF 3)
2 E

where £ and v denote the Young’s modulus and Poisson’s ratio of substrate material respectively.
For the viscoelastic situation, both Lee and Radok*' and Ting** offered a general solution to linear
viscoelastic Boussinesq problem (an infinite half-space indented by an arbitrary shape of rigid
axisymmetric and frictionless punch) as long as the contact radius is non-decreasing as the mutual
approach increases. According to the theory, substituting the elastic modulus in the Sneddon’s
solutions with the modulus-displacement convolution in the time domain leads to the relationship
between the indentation depth and the applied force as®
82(t) = Zcotp(1 v () * F(t) (4)

where f denotes the half-angle of the effective conic as illustrated in Fig.1(b), and the asterisk
denotes the convolution, i.e.

JO*F(©) = [y JE =) FEE ©)

Performing Laplace transform on both sides of Eq. (4) yields

L[82(0)] = Zcotp(1 — v)LYOIL[ZD] (o)

Considering that F(?) is a step function, one has
L[82(1)] = ZcotB(1 = vA) L ()] Fpax ()

Performing inverse Laplace transform on Eq. (7) results in

_ (@-vH)mcotp
- 2

52 J(®)Fnax (8

where Fp,x denotes the constant load in creep tests. In this study, the cell is assumed as
impressible, i.e. v = 0.5. Thus, fitting Eq. (8) to the J-f curve obtained by experiment can
determine the viscoelastic parameters.

In reality, the SMMC-7721 cells might spread on the petri dish with a finite cell height as
shown in Fig.3(a) and (b), invalidating the semi-infinite assumption of Sneddon’s solutions. As
can be seen in Fig.3(c) and (d), the cells have a thickness (H) in the range of several micrometers.
Therefore, in this situation, the presence of a stiff substrate may affect transverse deformations,**
45

°, making the sample appearing stiffer than the true value. As a result, it will lead to an

L .46
overestimation of the measured properties.

FIG.3

For an elastic substrate material of finite thickness subjected to a conical indenter as shown in

5



©CoO~NOUTA,WNPE

o U1 W N B

10
11
12
13

14

15
16
17

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Journal of Materials Research

Fig.4, Dimitriadis et al.** developed a convenient analytical correction to the Sneddon’s solutions
due to finite thickness. The dependence of the indentation force F on the indentation depth o is
formulated by47

FIG. 4

2Etanf’
m(1-v?)

F =

821 +2C() +16C2 (5 ) +o[(% ) IR0

where E, v, f and H denote the Young’s modulus, Poisson’s ratio, half-open angle of cone and
height of cell respectively. C is a constant given by C = 1.7795tanfi/n’. It is worth noting that the
term outside the brace is identical with Eq. (3), whereas the terms inside the brace are the
correction factor due to the finite thickness. If the cell height A tends towards infinitude, the terms
inside the brace equal 1, which is exactly the Sneddon’s solutions for a semi-infinite substrate. By

analogy to the derivation process in Eq. (8), if the substrate material is linear viscoelastic, one has

Ztanﬁ
m(1-v?)

F(t) *J(8) = =2 5(1)*(1 + 2C(C2) + 16C? (5“)) + 0[(5@) 1} (10)

where J(t) and the asterisk represent the creep compliance and convention respectively. For a
creep test, the indentation force is a Heaviside function F(f) = Fn.H(f). By analogy to the
derivation process given by Eq. (4) to (8), one would finally get

sO*1+ 20D + 16¢? (5“)) + o[(%f]} =2 cota(1 = v?)J(t) Fpnax (11

By ignoring the higher order term o(-) in the brace on the left side of Eq. (11), Eq. (11) reduces to a
quartic equation whose solution yields the expression of indentation depth 4(¢). Admittedly, the
thin layer is not a suitable for the cell morphology. However, within the center cell region, the cell
height is relatively even. Since the contact area is smaller compared with this region, we could
treat the contact as one between conic and thin film. The creep curves analysis, which includes the
viscoelastic curve fitting process, and the parameter extractions were done via MATLAB 20165
software.

E. Statistical analysis

Two sample independent #-tests were used to determine significant differences between the
parameter results of control and treated cells. A 95% confidence interval (p < 0.05) was applied to
assess the degrees of differences between control and treated cells. All extracted parameters from
the AFM based creep data were assessed for significance via statistical tests in GraphPad Prism
7.0 (Graphpad Software Ins., La Jolla, CA).

RESULTS AND DISCUSSIONS
The atomic force microscope enables us to monitor the time evolution of the indentation force
and the cantilever’s concurrent vertical position at all stages. Fig.5(a) and (b) show the typical
input and output of the creep test on living cells respectively. The cantilever’s force is kept

constant (c.f. Fig.5(a)) while the vertical position z of the cantilever varies with time (c.f. Fig.5()).

The force consists of two parts, i.e. the loading part (blue curve) and dwelling part (red curve). In
general, the curve of the indentation force should be smooth and flat. However, environmental
noises or particles on the media can induce a large deflection of the cantilever, which will be

6
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detected as notch peaks in the output or a drift on the baseline as shown in Fig.5(a). In response to
the input indentation force shown in Fig.5(a), the AFM bead exhibits an approximately linear
displacement (see the blue curve in Fig.5(b)) and a decay (see the red curve in Fig.5(b)), which
correspond to the loading and dwelling of indentation force respectively.

FIG.5

Fig.5(c) illustrates the schematic of cell and AFM tip at contact (Point 4) and after puncture
(Points B and C). Owing to the compliance of the AFM cantilever, the vertical displacement of the
cantilever bottom (-Az) does not equal the indentation depth ¢ after the apex of indenter begins to
penetrate the sample cell. The cantilever itself will undergo a deflection Ax as shown in Fig.5(c).
From geometrical relation, one has

—Az=A4x+6 (12)
At the same time, the indentation force F will be proportional to the deflection x as
F = kdx (13)
In the AFM system, both the indentation force F and the displacement of cantilever bottom -Az are
known in advance and therefore the rest unknowns in Eq. (12) and (13) could be derived.

A. Fitting results by using the Sneddon’s solutions of pyramid tip on spherical cells

Although the Young’s modulus is the frequently adopted parameter to characterize the
mechanical properties of biological cells, it does not present a complete description. Fig.6(a) and
(b) show an example of creep deformation for untreated and fullerenol-treated cells respectively,
corresponding to the preset force illustrated in Fig.5(a). The indentation depth-time curves
obtained confirm that the cells undergo a time-dependent deformation in response to a constant
loading force, i.e., they creep (Fig.6(a) and (b)). Therefore, the cells are more-properly described

as viscoelastic.

FIG. 6

It can be seen from Fig.6(a) and (b) that the mechanical response of the cell to the applied force
varies on a time scale of several seconds, which is very slow compared with the loading time (see
the time interval from point 4 to point B in Fig.5). Therefore, the mechanical response of the cell
is divided into two components: a fast, elastic response of the cell and a delayed elastic response
due to creep deformation.” The Sneddon’s solutions with standard solid model of viscoelasticity
theory is used to describe the mechanical response of the cells, which is characterized by three
parameters: instantaneous modulus Ey, equilibrium modulus E,, and viscosity #, as introduced by
Eq. (1) and Fig.2(c). Good agreement between the Sneddon’s solutions and the creep deformation
data could be observed in Fig.6(«) and (b), with linear correlation coefficient values that are close
to one (R2 > 0.92). The average values of the best-fit parameter values obtained for the 100 control
and 100 treated cells have been illustrated in Fig.6 (¢) and (d), where one indentation was
performed on one subject cell above its nucleus area to alleviate substrate effect as much as
possible.*’ Moreover, cytoskeleton structure at this area is more homogeneous and does not show
microtubules.”” We note that the average value of £y = 1.74 + 0.5 kPa and E,, = 1.2 + 0.21 kPa

obtained for the control cells, which are significantly higher than their treated counterparts, i.e. Ey
7
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= 1.31 + 0.29 kPa and E, = 0.99 + 0.07 kPa. Moreover, it can be seen from Fig.6(d) that the
average viscosity of control cell # = 682.39 + 112.7 Pa.s decreases significantly to its treated
counterpart # = 402.1 £ 52.4 Pas. Based on these extracted parameters, we estimated the
characteristic time (#/E/) of control and treated cells are 0.2s, much longer than the ramping time
period (50 ms), and thus the effect of ramping on the identified viscoelastic parameters could be

neglected.

Previous studies have already reported that both elasticity and viscosity are heavily impacted by
the levels and organization state of actin microfilaments.”> > Jin et al.” showed that fullerenol
possesses an active structure which could bind actin filaments by enthalpically inducing different
morphological features of actin filaments. Owning to this, the binding of cofilin and the severing
of actin filaments would be promoted, which forms the cofilin/actin/fullerenol rods. In doing so,
the morphology of actin filaments is altered which in turn change the viscoelastic properties of
cells. Moreover, by confocal imaging, Liu et al.*”® showed that the morphology of actin filaments
transformed from bundles into actin aggregates and finally collapses with time of fullerenol
treatment increasing. Since the mechanical properties of biological cells are determined by
filaments actin, the disruption of latter induced by fullerenol will deservedly cause the decrease of
elastic modulus and viscosity. In sum, the results indicate that remarkable differences in
viscoelastic properties between SMMC-7721 cells and their fullerenol treated counterparts,
revealing insights into understanding the effect of fullerenol-like anticancer drug in terms of cell

mechanics.
B. Fitting results by treating cells as flattened layer
FIG. 7

Fig.7(a) and (b) present the aforementioned indentation depth—time curves obtained by AFM
indentation and the best fitting curves by the Dimitriadis model. The average height of control and

treated cells approximate to be 5 and 7 microns respectively measured by AFM deflection imaging.

It is suggested that the Dimitriadis model can also fit well the experimental data of the creep test.
The fitting results of the determined elastic moduli and viscosity are illustrated in Fig.8(a) and (b)
respectively. It can be seen that both elastic moduli (instantaneous and equilibrium modulus) and
viscosity of control cells are higher than that of treated cells, and this tendency is consistent with
that predicted by Sneddon’s solutions as shown in Fig.6 (¢) and (d).

FIG. 8

For comparison purpose, all the parameters determined by both Sneddon’s solutions and
Dimitriadis model are plotted in Fig.8(a) and (b). As can be seen in Fig.8(a) and (b), each
parameter extracted by Dimitriadis model is lower compared to the Sneddon’s solutions, which
seems inconsistent with the general perception that substrate effect may lead to overestimation of
the measured properties. However, it should be noted that the case in the present study is due to
finite sample thickness and can be interpreted as follows.”! During the fitting process in Sect.IllIA
and IIIB, we use both Sneddon’s solutions (Eq. (8)) and Dimitriadis model (Eq. (11)) to fit the

same indentation depth—time curves. If we use Jsuq(t) and Jpmqe(t) to denote creep compliance
8
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determined by Sneddon’s solutions and Dimitriadis model respectively, dividing both sides of Eq.
(8) by its homologous sides in 11 yields

1 _ Jsna(®)

1+2q%)+1sc2(%)2 Jpma(®)

(14)

Since the denominator of right side of Eq. (14) is larger than 1, Jg,4(t) is lower than Jp,4(t), i.e. the
elastic modulus determined by Sneddon’s solutions exceeds that by Dimitriadis model.

C. Rate-jump protocol to determine the intrinsic elastic modulus

Although the standard solid model is assumed, from which elastic modulus and viscosity are
quantified, it should be borne in mind the accuracy of the results are dependent on the assumed
viscoelastic model which is not easy to verify upfront. In this regard, an appropriate model is
desired to allow an effective and intrinsic elastic modulus to be obtained regardless of the
particular form of the viscoelasticity model. The rate-jump protocol is a good candidate to
accomplish this objective. A full background of the rate-jump protocol is available elsewhere, 7
and will not be repeated here except to present the key parameters and implementation of the

analyses. Accordingly, the intrinsic elastic modulus £ of the indented cell is given by

_ AP(1-v?)
T 2aAd

(15)

where AP and Ad denote the change of the loading rate and displacement rate respectively at
the instant of unloading, and « is the corresponding contact area at this moment. According to

Sneddon’s solution, one has

a= %&anﬁ (16)
where J denotes the penetration depth of the conic indenter into the cell at the instant of unloading.
One should be aware that Ad and & could be determined in Fig.5(b), and AP is calculated in
Fig.2(a). By using Eq.(15), each - curve will produce one value for the intrinsic elastic modulus,
and their average values are compared with the elastic moduli determined by Sneddon’s solutions,
as illustrated in Fig.8(c). It can be seen that the elastic moduli determined by the rate-jump
protocol almost coincide with the instantaneous and equilibrium moduli by Sneddon’s solutions
regardless of the cell type, and thus the standard solid model would be an appropriate candidate as

well to represent the elastic properties of the SMMC-7721 cells.

CONCLUSIONS

In the present study, the fullerenol [Cg(OH)y4]- induced changes in viscoelasticity of living
SMMC-7721 cells have been studied by AFM indentation. The SMMC-7721 cell has been
modeled at first a semi-infinity and then a flattened layer with finite thickness, and corresponding
models have been developed to fit the resulting experimental data. Firstly, the contact area
between the pyramid tip and cell is considered as infinitesimal compared to the cell, and the
Sneddon’s solutions have been used to fit the experimental data of indentation depth—time curves.

Secondly, the subject cell is treated as a layer with a finite height, and Dimitriadis model is
9
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utilized to fit the same indentation depth—time curves. The results have shown that both Sneddon’s
solution and Dimitriadis model can describe very well the behavior of creep tests. Additionally, we
have clarified the difference between the extracted parameters by the two models which are fitted
to the same indentation depth—time curves, i.e. the difference is due to the correction factor.
Moreover, the rate-jump protocol is used to extract the intrinsic elastic modulus of the cell, which
almost coincide with the value by Sneddon’s solutions, and this indicates that the solid standard
model adopted in this study has presented valid estimation in terms of elastic modulus for the
SMMC-7721 cells. The determined parameters indicate that not only cell elasticity but also cell
viscosity are reduced as a consequence of the fullerenol treatment. It is known that fullerenol
could induce actin network which is responsible for cellular mechanical stability, and such
physiological modifications to cell will presumably produce corresponding changes to their
physical properties, such as their elasticity and viscosity. Therefore the measurement of these
properties alternations of SMMC-7721 cells could provide important insights into the mechanism
of action of anticancer agents based on fullerenol applications.
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Figure Caption

FIG. 1. Schematic of a compliant semi-infinite space indented by (@) a square pyramid and () a conic indenter. o
and S denote the half-opening angle of the pyramid and conic indenter respectively, and 0 and % represent the

indentation depth and the depth beneath the contact periphery respectively.

FIG. 2 Schematic of the AFM indentation force versus time (a) and its approximation (b) by Heaviside step
function. (c) Schematic diagram of three element model where a first spring (whose stiffness is E)) is in parallel
with a dashpot and then connected with a second spring (whose stiffness is £,). The first spring and the dashpot
undergo the same deformation, while the force exerted on the second spring equals the sum of forces applied on
the first spring and the dashpot. Schematic diagrams of the AFM bead tip in contact with cells of (d) spherical

shape and (e) flattened shape.

FIG. 3. Representative AFM deflection imaging of living SMMC-7721 cells: (a) control (b) treated cells. (¢) and

(d) are the statistical results for control and treated cells respectively.

FIG. 4. Schematic diagram of contact between a rigid conic and a viscoelastic layer with the finite thickness H.

FIG. 5. Schematic diagrams of typical AFM (a) force-time and (b) displacement-time curve to realize the (c) creep

test.

FIG. 6. Typical indentation depth—time curves and the best fitting curves by using the Sneddon’s solutions for (@)
control and () treated cells. The determined (c) elastic moduli and () viscosity by the Sneddon’s solutions. The

data are presented as average values with standard deviations.

FIG. 7. Typical indentation depth—time curves and the best fitting curves by using the Dimitriadis model for (a)

control and (b) treated cells

FIG. 8. The results of (a) elastic modulus and (b) viscosity for both control and treated cells determined by the two
models in this study. (¢) The comparison of elastic modulus determined by Sneddon’s solutions and that by
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FIG. 1. Schematic of a compliant semi-infinite space indented by (a) a square pyramid and (b) a conic
indenter. a and B denote the half-opening angle of the pyramid and conic indenter respectively, and d and h
represent the indentation depth and the depth beneath the contact periphery respectively.
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FIG. 2 Schematic of the AFM indentation force versus time (a) and its approximation (b) by Heaviside step
function. (c) Schematic diagram of three element model where a first spring (whose stiffness is E1) is in
33 parallel with a dashpot and then connected with a second spring (whose stiffness is E2). The first spring and
34 the dashpot undergo the same deformation, while the force exerted on the second spring equals the sum of
35 forces applied on the first spring and the dashpot. Schematic diagrams of the AFM bead tip in contact with

36 cells of (d) spherical shape and (e) flattened shape.
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FIG. 3. Representative AFM deflection imaging of living SMMC-7721 cells: (a) control (b) treated cells. (c)
and (d) are the statistical results for control and treated cells respectively.
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26 FIG. 4. Schematic diagram of contact between a rigid conic and a viscoelastic layer with the finite thickness
27 H.
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