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Abstract 

In this study, the alterations of morphology and biomechanical properties of living SMCC-7721 

cancer cells treated by fullerenol (C60(OH)24) for 24 h, 48 h and 72 h are investigated by atomic 

force microscope (AFM). Comparative analyses show that the elastic moduli of the SMCC-7721 

cells exposed to the fullerenol decrease significantly with the increase of the treatment periods. 

Furthermore, in different phases of the treatment, a global decrease in elasticity is accompanied 

by cellular morphological changes, and the time-dependent effect of the fullerenol can be 

observed using AFM and optical microscope. In addition, as the treatment duration increases, the 

indentation force and depth penetrated into the cell membrane by the AFM tip are in a declining 

trend. The reduction in the stiffness of the cells exposed to the fullerenol could be associated with 

the disruption of the cellular cytoskeleton network. The investigation indicates that the elastic 

modulus of single living cells can be a useful biomarker to evaluate the effects of the fullerenol or 

other anticancer agents on the cells and reveal instructive information for cellular dynamic 

behaviors. 

Keywords: Atomic force microscope (AFM); SMCC-7721 cell; Morphology; Elastic modulus; 

Fullerenol; Nanoindentation 
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1. Introduction 

The fullerene family possesses unique physical and chemical properties for potential 

applications in biomedicine such as cancer diagnosis and therapy (Chen et al., 2010; Chen et al., 

2012; Partha et al., 2009). The native fullerenes (C60) with the lack of solubility result in 

aggregation in aqueous solutions and have high toxicity (Chen et al., 2010; Nielsen et al., 2008; 

Partha et al., 2009; Shimizu et al., 2013; Sayes et al., 2004), which hinders their applications in 

biomedicine, while water-soluble fullerenes, as a class of fullerene derivatives, can be synthesized 

by the addition of hydroxyl groups onto fullerene molecules and are termed as fullerenol 

(C60(OH)n). Consequently, some of them improve the solubility of fullerenes and increase their use 

in biomedicine or pharmaceutic applications (Jensen et al., 1996; Rade et al., 2008). Recently, 

some studies have been reported that the effects of carbon-based nanomaterials on the 

cytoskeletal structure (Tian et al., 2006; Walker et al., 2009; Dong et al., 2013) and the dynamical 

changes in cytoskeleton will affect the cell behaviors, including the migration, differentiation, and 

apoptosis or shape maintaining. Researchers have proposed a number of models to study and 

describe the apoptosis process. In different apoptosis stages, the cell shrinkage, swelling and 

rounding can be observed in many types of cells (Imajoh et al., 2004; Desjardins and MacManus, 

1995; Saraste and Pulkki, 2000). And an increasing number of evidences shows that the disruption 

of the actin cytoskeleton may be an initiating apoptotic event. Among the literatures, Zhou et al. 

(2006) have suggested that the disruption of the actin cytoskeleton can induce apoptosis. 

Moreover, Johnson-Lyles et al. (2010) exposed the renal proximal tubule cells to fullerenol and 

have found that the fullerenol cytotoxicity induced apoptosis is associated with the cytoskeleton 

disruption. In addition, the anti-proliferative effect and specific photophysical properties of the 

fullerenol make it a potential antitumor or anticancer agent (Foleya et al., 2001; Lu et al., 1998). 

More importantly, the identification of cancer cells affected by fullerenols could enhance the 
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understanding of the role and influence of fullerenols, and reveal the potential of the cancer 

progression amelioration by combining nanoscience and biomechanics. 

It is demonstrated that nanobiomechanics is distinctly useful to study cancer development, 

human disease and mechanisms of drug actions (Lee et al., 2007; Maciaszek and Lykotrafitis, 2011; 

Rotsch et al., 1997). The investigation of the changes of elastic stiffness in the cancer progression 

is helpful to understand the individual differences between normal cells and cancer cells (Plodinec 

et al., 2012). A number of studies shows that fullerenols can inhibit cancer cells or tumor 

proliferation and induce apoptosis in exposed cells (Bosi et al., 2003; Chen et al., 2012; Lu et al., 

1998). They could inhibit the synthesis of microtubules and disrupt actin filaments (Johnson-Lyles 

et al., 2010; Mrdanović et al., 2009). Both of them not only serve as structural elements in the 

cytoskeleton of the cells (Etienne-Manneville, 2004; Fuchs et al., 2001) but also are able to 

regulate the mechanical stability of living cells (Unterberger et al., 2013). The alterations of cellular 

elastic stiffness directly reflect the changes of the cytoskeletons and affect the cellular processes 

(Aryaei and Jayasuriya, 2013; Mason et al., 2012; Nikolaev et al., 2014). The experimental study of 

cellular elastic stiffness on micro and nano scales could provide instructive information for the 

cancer progression. The mechanical measurement of individual living cells by means of the atomic 

force microscope (AFM) indentation is accurate (Yoo et al., 2014; Zhu et al., 2011). Since the AFM 

was invented in 1986 (Binnig et al., 1986), it has been rapidly developed into a powerful tool for 

nanoscale characterization and modification because of the high sensitivity for the detection of 

cantilever deformation and realized high precision controllability on the nanoscale. Moreover, it 

provides a promising way for the study of living cells in vitro, as 3D imaging and real-time force 

measurements of biological cells can be achieved by AFM in physiological environments. For 

instance, it can be seen, from the indentation force-displacement curves of the cantilever 
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deformation versus the displacement of the piezo scanner, that the elastic moduli of some cancer 

cells are significantly different from normal cells (Fuhrmann et al., 2011; Lekka et al., 1999; 

Plodinec et al., 2012). Thus, the elastic modulus of single living cells can be regarded as a 

biomarker for the metastasis or spread potential of some cancer cells or tumor cells (Cross et al., 

2007; Jonietz, 2012; Kumar and Weaver, 2009; Lautenschläger et al., 2009; Li et al., 2008; Xu et al., 

2012) and for drug efficacy testing. 

Although some efforts have been made to study living cancer cells by AFM in recent years, there 

is still lack of knowledge or evidence that clearly confirms the relationships between 

biomechanical properties of living cells and their dynamic cellular processes, and there is also no 

reference that shows the effects of fullerenol (C60(OH)24) on the biomechanical properties of living 

cancer cells. According to the WHO investigation in 2012, the liver cancer is the second common 

cause of cancer deaths (0.8 million, 9.1%) (http://globocan.iarc.fr/Default.aspx). In this work, the 

human hepatocellular carcinoma (SMCC-7721) was selected as the research object. An AFM was 

employed to examine the changes of elastic moduli on the SMCC-7721 cells and the cells treated 

by fullerenol (C60(OH)24) for 24 h,48 h and 72 h, respectively. The morphological and 

biomechanical cellular changes caused by fullerenol were investigated using the AFM topography 

and nanoindentation. The investigation suggests that the measurements of the biomechanical 

properties of single living SMCC-7721 cells treated by fullerenol could be used to evaluate the 

effect of fullerenol or other anticancer agents on the cells and can represent a crucial part of the 

potential cancer progression. 
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2. Materials and methods 

2.1 Cell culture 

Human hepatocellular carcinoma (SMCC-7721) cells were grown in the RPMI-1640 media with 

10% of Foetal Bovine Serum (FBS) and antibiotics (Penicillin-Streptomycin Solution). The cells were 

maintained in a humidified incubator with 5% of CO2 at the temperature of 37 ºС. Flasks 

containing cells were treated with trypsin. The cells were dispersed and plated on glass coverslips 

(18×18 mm) at a density of 1.0 × 10
5
 cells/mL (1 mL per coverslip) in 38 mm plastic Petri culture 

dishes and incubated for 24 h at 37 ºС. 

2.2 Preparation of fullerenol treatment solution 

The commercial water-soluble fullerenol powder with the general formula C60(OH)24 was 

dissolved in the deionized water at the concentration of 2.7 µM/mL and 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 4ºС. 

2.3 Sample preparation 

SMCC-7721 cells were dispersed and plated on glass coverslips. After 24 h, they were washed 

with phosphate saline buffer (PBS) to remove unbound and dead cells, and then continuously 

incubated with the fullerenol treatment solution at 37ºС in a humidified incubator with 5% of CO2 

for 24 h, 48 h and 72 h, respectively. A 2-ml fullerenol treatment solution was added to each of 

plastic Petri culture dishes. After incubation, the exposed cells were washed with PBS and 

measured by AFM in the RPMI-1640 media. The control cells, unexposed to the fullerenol 
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treatment solution, were washed with PBS and directly taken for AFM indentation measurements 

in the RPMI-1640 media. 

2.4 Cell viability assay  

SMCC-7721 cells were seeded in 96-well plates at a density of 5.0 × 10
3
 cells/well with 200 µl of 

RPMI-1640 media supplemented with 10% fetal bovine serum for 24 h at 37ºС in a humidified 

incubator with 5% of CO2, and then exposed to the fullerenol treatment solution for 24 h, 48 h and 

72 h. A 20 µl of filter sterilised MTT solution (0.5 mg/mL in PBS) was added to each well, and 

incubated for 4 h. After that, the blue formazan crystals trapped in cells dissolved in sterile DMSO 

(150 µl/well). Absorbance measurements were performed at 570 nm by a microplate reader. 

2.5 Confocal imaging of actin filaments 

SMCC-7721 cells were seeded in 24-well plates at a density of 2.5 × 10
4
 cells/well and incubated 

for 24 h at 37ºС. After incubation, 1 ml fullerenol treatment solution was added to each well at 

37ºС in a humidified incubator with 5% of CO2 for 24 h, 48 h and 72 h, respectively. The cells 

without treated by the fullerenol were used as the control cells. For the staining of actin filaments, 

control cells and treated cells were fixed with 1 ml 4% methanol-free formaldehyde in PBS (pH 7.4) 

for 20 min, washed with PBS three times, and permeabilized with 1 ml 1% Triton X-100 in PBS for 4 

min. A cell fluorescence imaging kit was used for labeling the actin network. A 500 µl/well of iFluor 

488-phalloidin working solution was added into the fixed cells, and the cells were stained at room 

temperature for 1 h in a dark room. The confocal images were acquired with the Zeiss LSM 700 

confocal microscope. 
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2.6 AFM indentation system 

A commercial AFM (JPK NanoWizard® 3 BioScience) was used for cell imaging and probing the 

elastic modulus of living SMCC-7721 cells, and mounted on an inverted optical microscope, 

allowing the AFM and optical microscope imaging simultaneously. The measurements were made 

by a silicon nitride cantilever with the spring constant of 0.03 N/m, half-opening angle of 25 

degrees, tip radius of 10 nm and height of about 2.5-8 µm. The spring constant of the cantilever 

was calibrated, and in the following experiments a square pyramidal tip with the spring constant 

of 0.027 N/m was used. The AFM tip was moved towards the sample with a 3D scanner of 100 µm 

in the x, y axes and 15 µm in the z axis. The image size was 512×512 pixels. SMCC-7721 cells in the 

physiological medium were imaged in the contact mode with a scan rate of 0.4 Hz and indented at 

the room temperature. 

2.7 Elastic modulus measurements 

The force-displacement curves were obtained from the indentation of the living cells. Fig. 1a 

shows a schematic of the AFM probe manipulation of living cells in the physiological medium. In 

the setup, the sample stage was fixed, and the AFM probe was moved by the piezoelectric scanner 

in the z direction towards the sample stage to implement the scanning and indentation functions. 

In the indentation, the AFM tip was used as an indenter and the indenting force was applied on 

the flexible cantilever as shown in Fig. 1b. 

The indentation of the living cells can be expressed by the Hooke’s law  

F k δ= ⋅                                   (1) 

where F is the indenting force on the AFM cantilever, k is the cantilever spring constant, and δ is 

the cantilever deflection. The displacement of the AFM tip Z is 
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Z h δ= +                                   (2)  

where δ is the cantilever deflection and h is the indentation depth of sample.  

The indentation response can be affected by the mechanical behavior of living cells while the 

geometrical shape of the AFM tip defines the contact area (Sirghi et al., 2008; Rico et al., 2007). 

Hertz theory (Hertz, 1881) has provided solutions about elastic indentation of half-space samples 

by non-deformable spherical and conical indenters. Recently, Rico et al. (2005) have developed a 

four-sided pyramidal model to estimate the mechanical properties of living cells with the AFM tip 

made of silicon or silicon nitride as shown in Fig. 1c. The shape of the AFM tip can be generally 

modeled as axis symmetrical geometries such as cylindrical, conical, paraboloidal, spherical and 

pyramidal shapes. An ideal regular square pyramidal silicon nitride AFM tip model can be 

expressed as (Rico et al., 2005) 

2

2

1
tan 

12

E
F hα

ν
= ⋅ ⋅ ⋅

−
                             (3) 

where ν is the Poisson’s ratio of the samples, ν = 0.5 for incompressible materials which is often 

considered for living cells (Kirmizis et al., 2010; Mathur et al., 2001), and α is the pyramidal angle. 

The force F is related to the Young’s modulus of the sample E and the indentation depth h. In this 

case, the effective radius of the contact rc is 

tan

2
c

r h
α

= ⋅                                    (4) 

Equation (4) shows that the effective radius of the contact rc is a function of the pyramidal angle 

α and the indentation depth h. It defines the relationship among the three parameters and they 

can be determined according to application requirements. 
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3. Results and discussions 

In the experiment, the contact mode AFM was used for topography imaging and mechanical 

nanoindentation of the cells. The biomechanical properties of SMCC-7721 cells and the cells 

exposed to the fullerenol (C60(OH)24) for 24 h, 48 h and 72 h respectively were investigated. With 

the help of an inverted optical microscope, it enabled the quick localization and selection of the 

target cells. The optical morphology imaging and AFM 3D imaging of the cells were implemented 

simultaneously, providing with the information about the cell states and biomechanical variations 

of the measured cells. 

The effects of the fullerenol in a time series of AFM deflection and the corresponding optical 

morphology images of living SMCC-7721 cells are shown in Fig. 2. Depending on the fullerenol 

treatment periods, the morphological differences of treated cells were observed in different 

phases of the treatment. For the control cells (Fig. 2a), which were not exposed to the fullerenol 

and after cultured for 24 h in the physiological solution, the lamellipodium was fully developed, 

and the majority of cell shapes were polygonal. When cells were exposed to the fullerenol for 24 h 

(Fig. 2b), a striking morphological change of living cells from the polygon to shuttle shape and a 

significant increase in the average height were observed (5.06±0.96 µm for control cells and 

6.68±2.12 µm for cells treated for 24 h, p < 0.05). After the treatment with the fullerenol for 48 h 

(Fig. 2c), the lamepllipodia was retracted and the cell shape appeared rounded, and the average 

height (9.01±1.30 µm for 48 h, p < 0.05) of the cells increased significantly with the increase of 

the treatment period. Till the treatment period was up to 72 h (Fig. 2d), the majority of cell shapes 

were changed from the polygon into round, and there was a small variation in the average height 

(8.71±1.21 µm) compared to the cells treated for 48 h. The tendency of increasing became 

inconspicuous. By comparison with the surface roughness of the control cells (1.26±0.27 µm), 
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there were no obvious changes in the average surface roughness of the cells exposed to the 

fullerenol (1.01±0.28 µm for 24 h, 1.27±0.60 µm for 48 h and 1.2822±0.3980 µm for 72 h). The 

statistical analyses of the average height and surface roughness distributions of the control cells 

and the fullerenol treated cells are shown in Fig. 2e.  

In this study, SMCC-7721 cells after treated with the fullerenol, the average height is increased 

and cell shapes are changed from the polygon into round. Meanwhile, as the treated periods 

increased, the retraction of the lamellipodium can be observed. The time-dependent effect of the 

fullerenol on cellular morphology is observed during 48 h. After that, the morphological effects of 

fullerenol show no distinct changes for SMCC-7721 cells. Studies suggest that the fullerenol 

interacting with the cytoskeleton has the potential to lead to the actin filament disruption and 

further interfere with the autophagy processing and mitochondrial function (Johnson-Lyles et al., 

2010). The effects of various drugs on the cell’s elastic properties have been investigated. It is 

found that the disruption of the actin filaments results in the decrease of the elasticity and 

indicates that the cell’s mechanical stability is dramatically affected by the actin filaments (Rotsch 

and Radmacher, 2000; Ujihara et al., 2012). The alterations in cellular morphology could reveal 

valuable physical insights about changes in cytoskeleton, which is associated with biomechanical 

properties and dynamic cellular processes. Notably, the elasticity measurements can provide a 

powerful tool for the investigation of the physical changes of the cytoskeleton and represent the 

influence of the drugs on cancer cells effectively. 

The elastic moduli of cells can be obtained by recording the force map. In the constant force 

mode, the AFM cantilever vertical deflections are correlated with the cellular elastic modulus 

distribution. In addition, the heterogeneous characteristic of cell mechanical properties is mainly 

affected by the membrane cytoskeletal heterogeneity. Thus, the elastic modulus values are 
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different in different cell regions (Kuznetsova et al., 2007; Pogoda et al., 2012; Roduit et al., 2008). 

Fig. 3a shows the topography image of a single control cell. The elasticity map of the selected cell 

body part (highlighted with the solid green line) with a matrix of 32×32 force curves is obtained 

from the measurements of the force versus the displacement, as shown in Fig. 3b. The slope of the 

force curve depends on the stiffness of the sample. The higher the slope, the stiffer the sample 

surface. The relative elastic modulus values  are calculated in the range of 0-5500 Pa. The 

statistical distribution is shown in Fig. 3c. The dark region of the force map is corresponding to the 

low elastic modulus values. This region appears softer compared to the rest of the cell body.  

To quantitatively determine the elastic moduli of SMCC-7721 cells, the ideal regular square 

pyramidal silicon nitride AFM tip model was used in the experiment. The elastic moduli were 

calculated from 100-300 force curves for control cells and the cells exposed to the fullerenol for 24 

h, 48 h and 72 h. The Gaussian fitting curves and histograms that represent the time-series of 

elastic modulus versus the frequency counts distribution are shown in Figs. 4a-4d and summarized 

in Table 1. There are significant alterations in the elastic moduli between the control cells and the 

fullerenol treated cells. The elastic moduli of the cells exposed to the fullerenol for 24 h decrease 

significantly in the overall range compared with those of the control cells. As the treatment 

duration increases, the elastic moduli decrease further. Till the treatment is up to 72 h, the elastic 

moduli have no distinct variation compared to the cells treated with the fullerenol for 48 h. For a 

relative low range of 0-1000 Pa, the proportion of elastic modulus distributions of the cells 

exposed to the fullerenol for 24 h is increased from 42.75% to 72.11% compared with the control 

cells, and when the treatment time is up to 48 h, there are 95.97% elastic moduli of cells in this 

range. Meanwhile, the proportions of the elastic modulus distributions between 1000-2000, 2000-

4000 and 3000-4000 Pa are all decreased correspondingly. Notably, when the cells are exposed to 
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the fullerenol up to 48 h, the elastic moduli fall below 4000 Pa. Remarkably, the effect of fullerenol 

on elastic modulus of the cells is found to be similar for the treatment periods of 48 h and 72 h. 

Although the elastic moduli fall below 3000 Pa with the treatment periods of 72 h, there are 

95.78% elastic moduli of cells in the range of 0-1000 Pa, the variation of elastic modulus is not 

significant between the treatment periods of 48 h and 72 h. Statistical analyses suggest that, at the 

0.001 level, the average elastic moduli are significantly different between the control cells 

(1358±501 Pa) and the cells treated with the fullerenol for 24 h (641±248 Pa). At the same level, 

the difference between the cells exposed to the fullerenol for 24 h and 48 h (384±117 Pa) is also 

significant. There is no significant difference between the treatment periods of 48 h and 72 h 

(404.45±242.56 pa). Fig. 4e shows the histograms of time-series of the average elastic modulus 

distribution. 

In order to better estimate the effect of the fullerenol on SMCC-7721 cells, the control cells and 

the fullerenol treated cells were cultured for the same time-series, 24 h, 48 h and 72 h. The 

corresponding cell viability was assessed by MTT assay. Fig. 5 shows that the SMCC-7721 cells 

exposed to the fullerenol for 24 h have reduced cell viability to 83% ± 3.31%. After treated for 48 

h, cell viability has reduced to 66% ± 4.19%. Meanwhile, the control cells have increased the 

viability to 165.1% ± 2.15%, compared with the control cells cultured for 24 h. The cells exposed 

to the fullerenol for 72 h have reduced viability to 52.84% ± 3.72%, whereas the untreated cells 

have increased the cell viability to 182.4% ± 2.343%.The average elastic moduli of the cells 

exposed to the fullerenol for 24 h and 48 h show a diminishing trend compared with those control 

cells, which is associated with the alteration of the cellular cytoskeleton network stiffness. 

Furthermore, the indentation force and depth of penetrating into the cell membrane are 

significantly different between the control cells and the cells treated with the fullerenol under the 
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same condition of the AFM mechanical parameters used. The force-indentation curves of the 

control cells and the cells exposed to the fullerenol are shown in Fig. 6a. The relationships of the 

stiffnesses between the control cells and the exposed cells are clearly shown by the force-

indentation curves. After the cells exposed to the fullerenol, the stiffnesses significantly decrease. 

Meanwhile, it can be seen that the forces of penetrating into the cell membranes decrease as well 

in this case. When the AFM tip contacts the control cell surface, it continues to indent and the 

force increases till point 1 (P1) in the indentation process, hereafter a sudden force relaxation is 

observed instead of increasing continuously. Then the force suffers a period of fluctuation, and 

after that the force increases rapidly, which could be caused by the AFM tip contacting the 

substrate. The force relaxed point that can be regarded as the position in which the AFM tip has 

penetrated into the cell membrane successfully (Han et al. 2005). The penetration points of the 

cells treated with the fullerenol for 24 h, 48 h and 72 h are shown at points 2 (P2), 3 (P3) and 4 

(P4), respectively. Statistical analyses suggest that the declining trends of the average penetration 

depth and force distribution are obtained with the increase of the treatment duration, which is 

similar to the elastic modulus distribution. With exposed to the fullerenol for 24 h, the average 

penetration depth (0.66±0.28 µm, p < 0.001) and force (0.33±0.08 nN, p < 0.001) are 

significantly decreased compared with the control cells (1.40±0.40 µm and 0.64±0.29 nN). 

Keeping a constant concentration, the average penetration depth (0.41±0.28 µm, p < 0.05) and 

force (0.22±0.09 nN, p < 0.01) of the cells treated with the fullerenol for 48 h are significantly less 

than those treated with the fullerenol for 24 h. Till treated for 72 h (0.4317±0.15 µm and 

0.27±0.09 nN), there are no significant variations in the values of average penetration depth and 

force compared to the cell treatment for 48 h. Fig. 6b shows the average penetration depth and 
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average penetration force of the control cells and the cells exposed to the fullerenol for 24 h, 48 h 

and 72 h, and the measurements are performed for 10, 16, 14 and 13 cells, respectively. 

The measurements of the effects of the fullerenol on the mechanics of living SMCC-7721 cells 

indicate that the cell stiffness is decreased with the increase of the fullerenol treatment periods. It 

is known that the actin network plays a key role in the cellular mechanical stability. The disruption 

of the actin network causes a dynamic reduction of cell stiffness. The confocal image of the control 

cells represents that numerous long bundles of actin filaments are observed obviously, and the 

majority of cell shapes are polygonal (Fig. 7a). When cells are exposed to the fullerenol for 24 h, 

the bundles of actin filaments are transformed into actin aggregates and distributed irregularly 

within the cells (Rubtsova et al., 1998). Moreover, the conversion of actin filaments from long 

bundles to punctate structures is revealed (Fig. 7b). After the treatment with the fullerenol for 48 

h, the numbers of long actin filaments are reduced significantly. Most of the cells are retracted 

and the cell shapes appeare rounded (Fig. 7c). Till the treatment period up to 72 h, almost all the 

long actin filament bundles are collapsed and hairy structures are observed, as shown in Fig. 7d. 

The experiment demonstrates that the changes of the cellular morphology and actin cytoskeleton 

treatment with the fullerenol show a partial similarity with the effects of cytoskeleton disruption 

indueced by Cytochalasin D as a common reagent to perturb the actin cytoskeleton consequently 

and affect the mechanical properties of cells (Hayot et al, 2006; Rubtsova et al., 1998; Shoji et al., 

2012). 

 

4. Conclusion 

The correlation of AFM data and optical morphology images was obtained to better understand 

the effect of the fullerenol on living SMCC-7721 cells. The dynamic processes of the fullerenol 
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induced changes in cellular morphology were recorded in the optical morphology and AFM 

images. In this work, the fullerenol C60(OH)24 induced changes of elasticity in living SMCC-7721 

cells have been studied by AFM indentation. Quantitative measurements of biomechanical 

properties during the fullerenol treatment were performed by recording time-series of elastic 

moduli, penetration forces and penetration depths on the cells. A gradual decrease in the 

biomechanical parameters of living SMCC-7721 cells as a consequence of the fullerenol treatment 

could be caused by the disruption of actin filaments. Till the cells treated for 72 h, the average 

elastic modulus is reduced by a factor of approximately 3.4. The values for the average indentation 

force and depth of penetrating into the cell membrane are decreased 2.4-folds and 3.3-folds, 

respectively. Additionally, the dynamic cellular changes are accompanied with morphology 

changes. For a given concentration of the fullerenol, the cell shapes changed from the polygon 

into round have been observed as the result of the time dependent effect. The decrease in the 

average elastic modulus could be caused by the fullerenol cytotoxicity induced actin filaments 

disruption, which plays an important role in the cell’s mechanical stability. Therefore, the 

observations presented in this paper can also be instructive to improve the understanding of the 

alterations of biomechanical properties of SMCC-7721 cells affected by the fullerenol, and the 

potential for an anticancer drug based on fullerenol applications. 
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Fig. 1 a A single living cell imaged and indented by an AFM probe in the physiological medium. b 

The principle of an AFM tip used as an indenter showing the relationship between the vertical 

displacement of the AFM tip Z, cantilever deflection δ and indentation depth of sample h (Z = h+δ). 

c A schematic of the indentation of an elastic half-space sample using a square pyramidal silicon 

nitride AFM tip whereα is the pyramidal angle and rc is the indenter-sample contact radius. 
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Fig. 2 Time series of optical morphology and AFM deflection imaging of the living SMCC-7721 cells: 

a A control cell surface image in the physiological medium with the scanning range of 50 µm×50 

µm. b, c, d Surface images of SMCC-7721 cells exposed to the fullerenol for 24 h, 48 h and 72 h 

with the scanning range of 40 µm×40 µm. e Statistical analyses of the average height and surface 

roughness distribution of control cells and the cells exposed to the fullerenol for 24 h, 48 h and 72 

h. The increasing of the average height between the control cells vs the cells exposed to the 

fullerenol for 24 h and the cells exposed to the fullerenol for 24 h vs 48 h are significant. The 

differences were considered statistically significant at *p < 0.05. The optical morphology images 

were acquired at 20× magnification, and the cellular morphologies changed from the polygon into 

round, as shown in Figs. 2a to 2d. 
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Fig. 3 a Deflection image of single control cells with the scanning range of 45 µm×45 µm. b The 

elasticiy map with a matrix of 32×32 force curves of the selected cell body part. The scanning 

range is 14.5 µm×14.5µm and highlighted with the solid green line. c Statistical distribution of the 

elastic modulus; The relative elastic moduli values are calculated in the range of 0-5500 Pa. 
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Fig. 4 Histograms showing the time-series of elastic modulus-frequency count distribution of living 

SMCC-7721 cells during treatment with the fullerenol, and the Gaussian fit curves. The control 

cells as a reference before treatment of the fullerenol (a) and the cells exposed to the fullerenol 

for 24 h (b), 48 h (c) and 72 h (d) respectively. e Statistical analyses of the time-series of average 

elastic moduli. The differences between the control cells vs the cells exposed to the fullerenol for 

24 h and the cells exposed to the fullerenol for 24 h vs 48 h are significant. The differences are 

considered statistically significant at ***p < 0.001. After 72 h, no distinct effects on elasticity. 
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Fig. 5 SMCC-7721 cell viability assays. The control cells and the fullerenol treated cells were 

cultured for the same time-series of 24 h, 48 h and 72 h, respectively. Cell viability was determined 

at each time point by the MTT assay. Values correspond to the mean ± standard error, N=3. 
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Fig. 6 a Force-indentation curves of the control cells and the cells exposed to the fullerenol. P1, P2, 

P3 and P4 are the penetration points of the control cells and the cells treated with the fullerenol 

for 24 h, 48 h and 72 h, respectively. b Statistical analyses of average penetration depths and 

forces of the control cells and cells treated with the fullerenol for 24 h 48 h and 72 h. The 

differences of average penetration depths and forces are significant between the control cells vs 

the cells treated with the fullerenol for 24 h (***p < 0.001 for depths and forces) and the cells 

treated with the fullerenol for 24 h and 48 h (*p < 0.05 for depths and **p < 0.01 for forces). 
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Fig. 7 Confocal images show the effect of fullerenol (C60(OH)24) on actin filaments in SMCC-7721 

cells. a Actin filaments staining in control cells. b, c and d are the cell treated by the fullerenol for 

24 h, 48 h and 72 h, respectively. Images taken with ×20 objective. (Scale bar: 20 µm). 
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Table 1 Time series of elastic modulus distributions of the living SMCC-7721 cells treated with fullerenol. 

Group Counts 0-1000 Pa 

1000-2000 

Pa 

2000-3000 

Pa 

3000-4000 

Pa 

>4000 Pa 

Control cells 262 42.75% 20.99% 14.12% 9.92% 12.22% 

Cells incubated with 

fullerenol for 24 h 
148 72.11% 18.37% 3.40% 2.72% 3.40% 

Cells incubated with 

fullerenol for 48 h 
249 95.97% 2.41% 0.81% 0.81% 0% 

Cells incubated with 

fullerenol for 72 h 
237 95.78% 2.95% 1.27% 0% 0% 

 

 

 

 




