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Abstract In this study, we presented an investigation of me-
chanical properties by AFM nanoindentation on human hepa-
tocellular carcinoma cells treated with fullerenol for 24, 48
and 72 h. AFM nanoindentation was routinely applied to in-
vestigate the morphology and biomechanical properties of liv-
ing carcinoma cells, and adhesion phenomena (negative force)
were detected in the obtained force-displacement curves.
Conventionally, Hertz contact model has been widely used
for determination of cell elasticity, however this contact model
cannot account for adhesion. Alternatively, JKR contact mod-
el, as expected for adhesion circumstance, has been applied to
fit the obtained force-displacement curves. In this investiga-
tion, we have derived both the work of adhesion and the elas-
tic modulus of biological cells (human hepatocellular carcino-
ma) under fullerenol treatment. The results show that the cho-
sen JKR model can provide better fitting results than Hertz
contact model. The results show that both Young’s modulus
and work of adhesion exhibit significant variation as the treat-
ment time increases. The calculated mechanical properties of
elastic modulus and work of adhesion can be used as an ef-
fective bio-index to evaluate the effects of fullerenol or other
anticancer agents on cancer cells and thus to provide insight
into cancer progression in the treatment.
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1 Introduction

Fullerene family has been playing an important role for po-
tential applications in biomedicine such as cancer diagnosis
and therapy [1–3]. The fullerenol can induce apoptosis pro-
cess which is associated with cytoskeleton disruption [4].
Cancer cell affected by fullerenols could exhibit variations in
mechanical properties such as elastic stiffness and these
changes in cancer progression are helpful to understand the
individual differences between normal and cancer cells [5, 6].
The atomic force microscope (AFM) nanoindentation can of-
fer an accurate mechanical measurement of individual living
cells [7–9]. The adhesion phenomenon, characterized as neg-
ative force in the experimental force-displacement curves ob-
tained in AFM nanoindentation, was widely reported over the
last two decades [10–13]. The adhesion behavior of cells with
other nanoparticles is crucial for the biocompatibility of im-
plants [14]. In recent years, it becomes clear that adhesion
molecules are involved in tethering cells to specific locations
[15]. Adhesion molecules are transmembrane molecules that
are linked to cytoskeletal elements (actin) [16]. Since
fullerenols have appreciable effect on cytoskeletal structures,
the adhesion property of cancer cyto-membrane may also alter
due to fullerenol treatment.

Hertz contact model has been routinely used for the deter-
mination of cell elasticity based on AFM nanoindentation.
Since Hertz model assumes that there is no adhesion existing
in interfacial area, the elasticity analysis based on Hertz model
could not account for the tip-cell adhesion. Pioneering studies
of adhesive contact between compliant spherical bodies (or

* X. Liu
X.Liu@warwick.ac.uk

1 School of Engineering, University of Warwick, Coventry CV4 7AL,
UK

2 International Research Centre for Nano Handling and
Manufacturing, Changchun University of Science and Technology,
7089 Weixing Road, Changchun 130022, People’s Republic of
China

J Micro-Bio Robot (2016) 11:47–55
DOI 10.1007/s12213-016-0089-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s12213-016-0089-8&domain=pdf


rigid sphere and compliant body) have been developed by
Johnson [17].

In this study, human hepatocellular carcinoma cells
(SMCC-7721) treated with fullerenol [C60(OH)24] under dif-
ferent time period (24, 48, 72 h) are presented. AFM nanoin-
dentation is utilized to obtain the force-displacement (F-d)
curve. JKR model was applied to fit the retraction part of F-
d curves and the corresponding Young’s modulus and work of
adhesion were obtained.We found that adhesion phenomenon
is dependent on time duration of fullerenol treatment. The
control cell and the cells exposed to fullerenol for 24 h showed
insignificant adhesion while the rest two kinds of cells exhib-
ited conspicuous adhesion. The fitted JKR model provides
good agreement with the experimental results. The changes
of the determined work of adhesion (Δγ) due to different
periods of fullerenol treatment are provided.

2 Methodology

2.1 Cell Preparation

SMCC-7721 cells were obtained from Roswell Park
Memorial Institute (RPMI)-1640 media with 10% of fetal bo-
vine serum (FBS) and antibiotics (penicillin–streptomycin so-
lution). The commercial water-soluble fullerenol powder with
the general formula C60(OH)24 was dissolved in deionized
water at a concentration of 2.7 μM/ml, and it was then diluted
with RPMI-1640 media with 10% of FBS to 0.53 μM/ml,
which was used for the fullerenol treatment solution stored
at 41°C. The Maintenance of SMCC-7721 cells and sample

preparation have been described in details elsewhere [6]. In
this study, we labeled control cells as cells A, which were not
exposed to fullerenol and being cultured for 24 h in the phys-
iological solution, and marked cells exposed to fullerenol for
24, 48 and 72 h as cells B, C and D respectively. Cells A
consist of 7 cells, cells B (treated for 24 h) are 12 cells, and
cells C (treated for 48 h) and D (treated for 72 h) are 7 cells
each.
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Fig. 1 Scheme of (a) non-adhesive and (b) adhesive contact between a
square pyramid and a compliant semi-infinite space. α denotes the half-
angle to face. The neck area is ascribed to adhesion force
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Fig. 2 Illustration of AFM probe indenting a cell
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Fig. 3 Typical F-d curves corresponding to (a) repeated indentations at
the same spot and (b) different indentation positions within the same cell
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2.2 Atomic Force Miscroscopy

The module of the AFM employed in this study is JPK
NanoWizards 3 BioScience mounted on an inverted optical
microscope, allowing the AFM and optical microscope imag-
ing simultaneously. The criterion for cantilever selection is
that the compliance of the cantilever should be around the
range of the sample compliance. For very soft and delicate
cells, the softest cantilevers are available with spring constants
ranging from 0.01 to 0.03 N/m (JPK Application Note).
Therefore, a silicon nitride cantilever whose spring constants
is 0.03 N/m, was chosen for cell-tip indentation in this paper.
The probe is a square pyramid tip with a half-opening angle of
25° (half-angle to face), and its radius and height are 10 nm
and 2.5–8 μm respectively. During the indentation, the

loading and retracting speeds were kept constant at about
2.5 μm/s for all experiments to avoid viscosity effect.

3 Theoretical Model

Figure 1 illustrates the scheme of a soft semi-space material
indented by a square pyramid tip. During the approach and
retraction processes, the viscosity effect can be neglected, and
only elastic deformation is considered, as long as the indenta-
tion is performed in a time loner than the force relaxation time
of the cell-AFM tip system [10]. Compared to the size of the
AFM tip, the cell could be treated as a semi-infinite space. For
a non-adhesive contact, Sneddon [18] gave a relationship be-
tween the force F and indentation depth δ as

F ¼ 4Etanα

π3=2 1−v2ð Þ δ
2 ð1Þ

where E and ν denote the Young’s modulus and Poisson’s
ratio respectively. For biomaterials, we always treat it as in-
compressible and hence ν = 0.5. If the adhesion between the
tip surface and cyto-membrane is taken into consideration as
shown in Fig. 1(b), the counterpart relationship is as [19]

F ¼ 4Etanα

π3=2 1−v2ð Þ δ
2−

32Δγtanα
π2cosα

ð2Þ

Table 1 Young’s modulus from cell A2 (Unit: kPa)

Time \ spot 1st 2nd 3rd 4th Avg (Std)

1 2.697 2.403 2.171 2.096 2.34 (±0.27)

2 2.033 2.113 2.253 2.179 2.14 (±0.09)

3 2.146 2.82 2.565 2.389 2.48 (±0.28)

4 2.401 2.024 2.321 2.512 2.31 (±0.21)

5 2.568 2.356 2.86 2.028 2.45 (±0.35)
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Fig. 4 Force-displacement
curves obtained by AFM
nanoindentation on (a) control
cells (7 cells), cells exposed to
fullerenol for (b) 24 h (12 cells),
(c) 48 h (7 cells) and (d) 72h (7
cells) respectively
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whereΔγ denotes work of adhesion which means the energy
needed (or released) when unit area of interface is created (or
merged). Owning to the second term in Eq. (2), negative value
of force is manifested when the indentation depth is small,
which is commonly observed in many AFM nanoindentation
experiments on living cells [10, 11]. As suggested, when Δγ
equals zero (no adhesion), Eq. (2) will reduce to its non-
adhesive counterpart, i.e. Eq. (1).

4 Results and Discussions

4.1 Analysis of the F-d curves

During nanoindentation measurements, one live cell was gen-
erally indented 3–5 times at the same spot and this was repeat-
ed at 5 different spots as illustrated in Fig. 2. The typical force-
deformation curves (F-d) by the AFM nanoindentation are
shown in Fig. 3. It can be seen, from Fig. 3a, that indenting
on the same spot of the cell, the obtained F-d curves vary
insignificantly. While indenting on slightly different spots of
the same cell, the corresponding F-d curves differ only by a
small margin with each other as shown by Fig. 3b, indicating
that the location of the indentation spot may not introduce
much variation of the concerned measurements. The curve
shift either from the same spot or different spots is generally
less than 1μm and is likely attributed to different indentation
positions which correspond to different cell height. Due to the
soft nature of living cells, this curve shift is much expected.
The calculated Young’s modulus, as shown in Table 1, has a
similar standard deviation for both on the same spot and at
different spots from the same cell. Therefore, the results pre-
sented here are dependent only on the types of cells not the
location of indentation spots.

Figure 4 presents result of force-displacement curves for
the four types of SMCC-7721cells after the above mentioned
treatments.

The shift in displacement is very likely ascribed to different
heights of different cells. It should be borne in mind that
Fig. 4a-d correspond to four different cells respectively (i.e.
control cell, 24, 48 72 h cells). Taking Fig. 4a as example, the
seven cells correspond to seven control cells, and they are very

likely to differ in cell height, which mean the contact point
would differ in each F-d curve.

The maximum indentation force was set of approximately
2500 pN regardless of type of the cells while the maximum
indentation depth varies from cell to cell, and the maximum
indentation depth was in a range of 1 to 2 μm. For the cell C
and D, adhesion force is characterized by the negative force
region during retraction of AFM indenter as illustrated by the
red line in Fig. 4c and d. However, adhesion force is not
noticeable for cells A and B as shown in Fig. 4a and b from
the retraction.

4.2 Control cells and cells exposed to fullerenol for 24 h
(Non-adhesion case)

Since adhesion phenomenon is insignificant in cells A and B,
the non-adhesive Hertz contact model (Eq. (1)) is adopted to
fit the retraction part of the force-displacement curve corre-
sponding to cells A and B.

Tables 1 and 2 give the extracted Young’s modulus at five
different positions within the same cell. Four indentations
were repeated in every position. It can be seen that the

Table 2 Young’s modulus from cell B1 (Unit: kPa)

Time\ spot 1st 2nd 3rd 4th Avg (Std)

1 1.76 1.811 1.879 1.109 1.64 (±0.36)

2 1.332 1.562 1.663 1.531 1.5 (±0.14)

3 1.699 1.773 1.715 1.82 1.75 (±0.06)

4 1.831 1.923 2.234 2.324 2.08 (±0.24)

5 1.985 2.099 2.065 1.887 2.01 (±0.09)
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Fig. 5 The determined Young’s modulus for (a) control cells and (b)
cells exposed to fullerenol for 24 h. The data are presented as average
values with standard deviations
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determined Young’s modulus values from different positions
within the same cell remain fairly steady. The calculated
Young’s modulus values for all cells are shown in Fig. 5.
Each individual bar represents one cell, expressed as
average ± standard deviation. It is noted that the determined
Young’s modulus varies significantly from one cell to another.
For cell A, the Young’s modulus mainly ranges from 2 to 3.1

kPa, and only Young’s modulus values of cell A1 and A6 are
beyond this range by a considerable margin. For cell B, most
Young’s modulus ranges from 1 to 2 kPa or even lower, and
only Young’s modulus values of B3, B8 and B12 are beyond
this range. Figure 6 shows the overall comparison result for
the control cells and the cells treated for 24 h. The data indi-
cate that fullerenol decreased the elastic modulus by 43% after
24 h treatment, suggesting that cells treated with fullerenol
become considerably compliant.

4.3 Cells exposed to fullerenol for 48 and 72 h (Adhesion
case)

Figure 7 presents typical results of the force-displacement
curves obtained by AFM nanoindentation on cells C and D,
and the best fitting curves by using JKR model for the retrac-
tion parts. Sudden jumps of indentation force occur during
retraction process, which is characterized by the Bwave^ as
shown in the zoom box area. These sudden variations of the
force can be ascribed to discontinuous decrease of the contact
area between the tip and cell membrane. It is due to one teth-
ering of cell membrane to AFM tip surface followed by a
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sudden detachment and tethering to another contact line [19].
Since fitting of F-d curve with discontinuous steps will cause
error in the estimation of work of adhesion, the last section of
F-d curve corresponding to considerable discontinuous adhe-
sive force, as indicated by oval circle in Fig. 7, were discarded
from fitting [19, 20]. Moreover, if the curve itself consists of
significant and abrupt force discontinuity, it will be discarded
for numeral statistics too. In general, the JKR model can best
describe the experimental results of the unloading curve as
shown above.

In this study we explore two ways of fitting the unloading
part of F-d curve as detailed below. The first way is fitting
from beginning of retraction to the place where the indentation

force exhibits severe discontinuities as shown by the big plot
in Fig. 7, termed as Bglobal fitting^. The second method is
fitting the fraction of F-d curve from the point where indenta-
tion force decreases to null to where force is significantly
discontinuous (this Bswale^ area corresponds to low indenta-
tion depth), as shown by the zoom box area in Fig. 8, termed
as Blocal fitting^. The R-square value in the zoom box corre-
sponds to the fit goodness when the extracted parameters pro-
duced by Bglobal fitting^ are used to describe the Bswale^
area. It is suggested that when the R-square value in the zoom
box is around 0.5 or even higher, there are no significant
difference between the fitting results by the two approaches
as illustrated by Fig. 8a-c. However, when this value is fairly
small, significant variation of extracted parameters is observed
between the two methods as shown by Fig. 8d. Therefore, it
can be concluded that in this Bswale^ area, adhesion force
plays a dominant role for fitting result and has a considerable
effect on the extracted parameters.

Tables 3, 4, 5, and 6 list the extracted Young’s modulus and
work of adhesion corresponding to one cell group (cells C or
D) by the Bglobal fitting^ method. It indicates that these two
parameters do not exhibit significant differences within one
cell in adhesion circumstance. Likewise, we performed statis-
tical analysis on F-d curve corresponding to each cell, and the
extracted Young’s modulus and work of adhesion, as shown in
Figs. 8 and 9. The average value of the two parameters varies
from one cell to another, and cells with larger Young’s mod-
ulus exhibits larger work of adhesion approximately. For cell
C, the Young’s modulus and work of adhesion mostly range
between 3 to 5 kPa and 0.5 to 0.8 mJ/m2, respectively. For cell
D, the Young’s modulus and work of adhesion mostly range
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Fig. 8 Histograms showing the determined (a) Young’s modulus and (b)
work of adhesion for each cell C

Table 3 Young’s modulus from cell C2 (Unit: kPa)

Time \ spot 1st 2nd 3rd 4th Avg (Std)

1 2.99 3.12 2.99 3.64 3.19(±0.31)

2 3.74 4.05 4.38 - 4.06(±0.32)

3 2.8 3.74 3.53 - 3.36(±0.49)

4 3.64 4.99 4.73 - 4.45(±0.72)

5 2.2 2.33 2.99 2.88 2.6(±0.39)

Table 4 Work of adhesion from cell C2 (Unit: mJ/m2)

Time \ spot 1st 2nd 3rd 4th Avg (Std)

1 0.789 0.592 1 0.48 0.715(±0.229)

2 1 0.758 0.572 - 0.777(±0.215)

3 0.744 0.699 0.796 - 0.746(±0.049)

4 0.733 0.789 0.655 - 0.726(±0.067)

5 0.558 0.423 0.482 0.556 0.505(±0.065)

Table 5 Young’s modulus from cell D2 (Unit: kPa)

Time\ spot 1st 2nd 3rd 4th Avg (Std)

1 1.15 1.11 0.925 0.84 1.01(±0.15)

2 1.01 0.92 1.09 1.16 1.05(±0.10)

3 1.08 0.96 1.05 0.97 1.02(±0.06)

4 0.93 0.97 0.83 0.98 0.93(±0.07)

5 0.83 0.8 0.84 0.88 0.84(±0.03)
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between 1 to 4 kPa and 0.1 to 0.4 mJ/m2, respectively.
Figure 10 shows the statistics results (average value) taking
all cells into consideration. For cell C Young’s modulus and
work of adhesion have an average of 4.88kPa and 0.825 mJ/
m2 respectively, while for cell D Young’s modulus and work
of adhesion have an average of 2.32kPa and 0.365 mJ/m2

respectively. The determined value of work of adhesion in
our procedure can almost coincide with the value in a former
study [19] in order of magnitude which in turn justifies this
procedure. The difference between the heights of histograms
suggests that both cell stiffness and adhesion effect is de-
creased by fullerenol treatment during the last 24 h.

Figure 11 is the combination of Figs. 5 and 10a. The effect
of duration of fullerenol treatment on extracted modulus
seems different from that reported by a former study [6]. In
general, the Young’s modulus is derived from the loading
curve of the f-d curves by Herzian contact model. In order to
make a comparison, we have tried to apply the Hertzian con-
tact model to fit the loading part of the F-d curves of the four
groups of cells. The results (average ± std) are plotted in

Table 6 Work of adhesion from cell D2 (Unit: mJ/m2)

Time\ spot 1st 2nd 3rd 4th Avg (Std)

1 0.234 0.252 0.339 0.275 0.275(±0.046)

2 0.305 0.227 0.358 0.244 0.284(±0.06)

3 0.338 0.319 0.345 0.267 0.317(±0.035)

4 0.199 0.361 0.308 0.148 0.254(±0.098)

5 0.294 0.362 0.273 0.308 0.309(±0.038)
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Fig. 9 Results of the determined (a) Young’s modulus and (b) work of
adhesion for each cell D
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Fig. 10 The comparison of determined (a) Young’s modulus and (b)
work of adhesion between cells C and D

Cell A Cell B Cell C Cell D
0

1

2

3

4

5

6

7

Cell Type

)
a

Pk(
s

ul
u

d
o

m
cits

al
E

Fig. 11 Results of Young’s moduli of the four group cells by using JKR
model
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Fig. 12. It can be seen that the pattern of the calculated
Young’s modulus values of the four group cells are almost
the same as that in Fig. 11. Therefore, the difference is more
likely due to the variation of different batch of cells and the
fullerenols treatment.

5 Conclusion

In this study, AFM nanoindentation was employed to investi-
gate the mechanical properties of human hepatocellular carci-
noma cells treated with fullerenol for 24, 48 and 72 h. For each
cell, 8–10 nanoindentations were carried out (3–5 indents on
the same spot and 5 indents at different spots). The results
show that the measured elastic modulus value varies mainly
with the type of cells. The shift of F-d curves from the same
cell is much likely due to height (thickness) of the cell. The
controlled cells (cells A) and treated cells B showed non-
adhesive F-d curves, therefore, Hertz contact model was ap-
plied. On the other hand, the cells treated with fullerenol for 48
and 72 h showed significant adhesion and thus JKR model
was applied to fit the corresponding retraction region of the F-
d curves. The results show that Hertz and JKR contact models
can both fit very well the experimental data in each case. In
non-adhesion case of cells B, fitting by Hertz model indicated
24 h treatment of fullerenol may make the treated cells more
compliant. With the presence of adhesion force in cells C and
D, Bglobal^ fitting by the JKR model suggested both stiffness
and adhesion of the treated cells were decreased by a large
margin during the last 24 h treatment of fullerenol. Therefore,
the results suggest that the experimental study of cell-tip ad-
hesion may also provide some insights into potential cancer
progression in addition to cell stiffness. The derived mechan-
ical properties of elastic modulus and work of adhesion could
be used as an effective bio-index to evaluate the effects of
fullerenol or other anticancer agents on cancer cells and thus
to provide insight into cancer progression in the treatment.

Acknowledgments The authors are grateful for the technical supports
from the Laboratory of Precision Engineering and Surfaces of the
University of Warwick and the International Research Centre for
Nano Handling and Manufacturing, Changchun University of
Science and Technology. This project has been partially funded
by the European Union’s Horizon 2020 research and innovation
programme under the Marie Skłodowska-Curie grant agreement
No 644971.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Chen Z, Ma L, Liu Y, Chen C (2012) Applications of func-
tionalized fullerenes in tumor theranostics. Theranostics 2:
238–250

2. Chen Z, Mao R, Liu Y (2012) Fullerenes for cancer diagnosis and
therapy: preparation, biological and clinical perspectives. Curr
Drug Metab 13:1035–1045

3. Partha R, Conyers JL (2009) Biomedical applications of function-
alized fullerene-based nanomaterials. Int J Nanomedicine 4:261–
275

4. Johnson-Lyles DN, Peifley K, et al. (2010) Fullerenol cytotoxicity
in kidney cells is associated with cytoskeleton disruption, autopha-
gic vacuole accumulation, and mitochondrial dysfunction. Toxicol
Appl Pharmacol 248:249–258

5. Plodinec M, Loparic M (2012) The nanomechanical signature of
breast cancer. Nat Nanotechnol 7:757–765

6. Liu Y, Wang ZB, et al. (2015) AFM-based study of
fullerenol (C60(OH)24)-induced changes of elasticity in liv-
ing SMCC-7721 cells. J Mech Behav Biomed Mater 45:65–
74

7. Radmacher M (2002) Measuring the elastic properties of living
cells by the atomic force microscopy. In: Jena BP, Horber JK
(eds) Methods in cell biology, Academic Press, vol 68. Elsevier,
New York, Amsterdam, pp. 67–90

8. Simon A, Durrieu MC (2006) Review. Strategies and results of
atomic force microscopy in the study of cellular adhesion. Micron
37:1–13

9. Yoo L, Reed J, Shin A, Demer JL (2014) Atomic force microscopy
determination of young’ s modulus of bovine extra-ocular tendon
fiber bundles. J Biomech 47:1899–1903

10. A-Hassan E, Heinz WF, Antonik MD, D’Costa NP, Nageswaran S,
Schoenenberger C-A, Hoh JH (1998) Relative microelastic map-
ping of living cells by atomic force microscopy. Biophys J 74:
1564–1578

11. Afrin R, Yamada T, Ikai A (2004) Analysis of force curves obtained
on the live cell membrane using chemically modified AFM probes.
Ultramicroscopy 100:187–195

12. McNamee CE, Pyo N, Tanaka S, Vakarelski IU, Kanda Y,
Higashitani K (2006) Parameters affecting the adhesion strength
between a living cell and a colloid probe when measured by the
atomic force microscope. Colloids Surf B: Biointerfaces 48:176–
182

13. Maciaszek JL, Partola K, Zhang J, Andemariam B, Lykotrafitis G
(2014) Single-cell force spectroscopy as a technique to quantify
human red blood cell adhesion to subendothelial laminin. J
Biomech 47:3855–3861

Cell A Cell B Cell C Cell D
0

2

4

6

8

10

Cell Type

)a
Pk(

suludo
m

citsal
E

Fig. 12 Results of Young’s moduli of the four group cells, by using
Hertzian contact model to fit the loading parts of F-d curves

54 J Micro-Bio Robot (2016) 11:47–55



14. Elter PT, Weihe R, et al. (2011) The influence of topographic mi-
crostructures on the initial adhesion of L929 fibroblasts stud-
ied by single-cell force spectroscopy. Eur Biophys J 40(3):
317–327

15. Thiery JP (2003) Comptes rendus de l’Academie des sciences.
Physique 4(2):289

16. Puech PH, K. Poole D,Muller DJ (2006) A new technical approach
to quantify cell–cell adhesion forces by AFM. Ultramicroscopy
106(8–9): 637–644.

17. Johnson KL, Kendall K, Roberts AD (1971) Surface energy and the
contact of elastic solids. Proc R Soc Lond A 324:301–313

18. Sneddon IN (1965) The relation between load and penetration in the
axisymmetric Boussinesq problem for a punch of arbitrary profile.
Int J Eng Sci 3:47–57

19. Sirghi L, Ponti J, Broggi F, Rossi F (2008) Probing elasticity and
adhesion of live cells by atomic force microscopy indentation. Eur
Biophys 37(6):935–945

20. Zhu XY, Siamantouras E, Liu KK, Liu X (2015) Determination of
work of adhesion of biological cell under AFM bead indentation. J
Mech Behav Biomed Mater 56:77–86. doi:10.1016/j.jmbbm.2015.
11.034

J Micro-Bio Robot (2016) 11:47–55 55

http://dx.doi.org/10.1016/j.jmbbm.2015.11.034
http://dx.doi.org/10.1016/j.jmbbm.2015.11.034

	Investigation of work of adhesion of biological cell (human hepatocellular carcinoma) by AFM nanoindentation
	Abstract
	Introduction
	Methodology
	Cell Preparation
	Atomic Force Miscroscopy

	Theoretical Model
	Results and Discussions
	Analysis of the F-d curves
	Control cells and cells exposed to fullerenol for 24 h (Non-adhesion case)
	Cells exposed to fullerenol for 48 and 72 h (Adhesion case)

	Conclusion
	References


