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In this paper, we introduce our finding of the effects of C60 nanoparticles (NP) infiltration on mechanical properties of cell and 
its membrane. Atomic force microscopy (AFM) is used to perform indentation on both normal and C60 infiltrated red blood 
cells (RBC) to gain data of mechanical characteristics of the membrane. Our results show that the mechanical properties of 
human RBC membrane seem to be altered due to the presence of C60 NPs. The resistance and ultimate strength of the C60 infil-
trated RBC membrane significantly decrease. We also explain the mechanism of how C60 NPs infiltration changes the me-
chanical properties of the cell membrane by predicting the structural change of the lipid bilayer caused by the C60 infiltration at 
molecular level and analyze the interactions among molecules in the lipid bilayer. The potential hazards and application of the 
change in mechanical characteristics of the RBCs membrane are also discussed. Nanotoxicity of C60 NPs may be significant 
for some biological cells. 
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In recent years, nano-particles (NP) have been proved to 
possess many potential applications in bio-medicines [1–5]. 
However, due to their small size, NPs can easily infiltrate 
living cells thereby altering the molecular structure, and 
disturbing the functions of the cell [6,7]. This phenomenon 
is referred to as nanotoxicity. Consequently, with regard to 
the applications of NPs as biomedicine, the interaction be-
tween cell and NPs has become a new topic of considerable 
scientific interest and medical significance [8–11].  

It has been known that mechanical characteristics of the 
cell membrane significantly influences the biological func-
tions of cells [12,13]. Many direct connections between the 
progression of certain inherited diseases and the mechanical  

characteristics of cells have been shown [14]. For example, 
sickle cell is found to be caused by a defect in the hemoglo-
bin structure of the human red blood cell (RBC). As a con-
sequence of this abnormal hemoglobin, the shape of the 
RBC is altered and its deformability and biorheology are 
adversely affected [15]. These influences can result in se-
vere pain as the tissues surrounding the blood vessels re-
ceive insufficient oxygen. Other examples such as anisocy-
tosis, hereditary spherocytosis and malaria are also known 
to affect proper cell function by changing the mechanical 
properties of the cell [16–18]. Generally speaking, recent 
researches have indicated that the mechanical information 
of cell membrane is critical for bio-processes, diseases and 
toxicity of the cell [19].  

The effect of NPs on mechanical characteristics of cells 
membrane become a focus in recent years. Theoretical mo-
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lecular dynamics (MD) simulations regarding the effect of 
C60 (Fullerene), a hydrophobic spherical molecule com-
posed of 60 carbon atoms and with the diameter of 0.7 nm, 
on infiltration into the lipids bilayers has been studied. Re-
sults have shown that C60 NPs have the ability to easily in-
filtrate into the lipids bilayer, remaining between the lipids, 
and finally altering the molecular structure and interactions 
between the lipids [20–23]. It can be inferred that infiltra-
tion of C60 particles has the ability to affect the function of 
the cell, and exhibits cytotoxicity on people and animals 
[24–30]. Currently, the pathogenesis of the toxicity of C60 

NPs is not yet clear. In the process of C60 infiltration, which 
is very stable chemically [20], the nanotoxicity may not 
result from the chemical reaction but from the change of the 
cell membrane mechanical characteristics. Therefore, it is 
critical to clarify differences of mechanical properties be-
tween cell membrane with and without C60 infiltration, re-
spectively. 

In this paper, we investigate the mechanical characteris-
tics of the RBC membrane with and without C60 NPs (Fig-
ure 1), respectively, and comprehensively discuss the effect 
of the C60 NPs on the mechanical characteristics of the RBC 
membrane by interrupting the molecular structure of phos-
pholipids bilayers. Atomic force microscopy (AFM) is used 
to perform indentation on both normal and C60 infiltrated 
RBCs to gain data of the mechanical characteristics of the 
RBC membrane. The data from these experiments show that 
the resistance and ultimate strength of the RBC membrane 
both decrease with C60 infiltration, which implies that the 
mechanical properties seem to be altered due to effect of C60 
infiltration. The mechanism of how C60 NPs infiltration 
changes the mechanical properties of the cell membrane is 
also discussed in this paper. By predicting the structural 
change of lipids bilayers caused by infiltration of C60 at 
molecular level and analyzing the interactions among mol-
ecules, we give an explanation of this observation. The po-
tential hazards and applications of the changes in stress- 
strain relation of cell membrane caused by C60 infiltration 
are also discussed. 

1  AFM indentation on both RBCs with and 
without C60 presence 

1.1  Sample preparation 

To investigate the mechanical properties of cell with and 
without C60 presence, we use human RBC and its membrane 
as sample. RBC has a relatively simple structure and readily 
facilitates single cell mechanical deformation experiments 
[18,29,30]. Human RBCs were separated from blood of a 
healthy donor using centrifugation. Two groups of samples 
were prepared, which were normal RBCs and those RBCs 
with C60 infiltration (Figure 1). The normal RBCs sample 
can be simply obtained by adding 1.5 mL pure RBCs to  

 
Figure 1   (Color online) Illumination of normal and the C60 infiltrated 
lipid bilayer. After the C60 NPs enter the phospholipid bilayer, instead of 
the central plane of the membrane, it is most probably below the head 
groups. If concentration of C60 is large enough, the nanoparticles may 
assemble together and become clusters. 

1.5 mL Alsever’s solution. To prepare the sample of the 
RBCs with presence of C60, 50 mg C60 NPs were first added 
to 10 mL Alsever’s Solution. The mixture was placed in a 
ultrasonic cleaning machine for 25 min to disperse the C60 
NPs. We then kept the mixture still for 5 min. Because of 
their hydrophobicity, C60 NPs tend to gather in clusters and 
the C60 clusters tend to go down to the bottom of the cuvette 
because of gravity. Therefore it can be seen that the upper 
part of the mixture was limpid. We adopted the supernatant 
as the C60-added Alsever’s solution, in which the C60 NPs 
were dispersed uniformly. Then 1.5 mL RBCs were quickly 
added into 1.5 mL C60-added Alsever’s solution before the 
C60 NPs were gathered. After that, the sample mixture was 
kept still under room temperature for 20 min, thus allowing 
the C60 NPs to infiltrate the RBCs membrane. The RBCs 
sample with C60 NPs presence was also prepared. The mix-
tures of RBCs with and without C60 NPs were then put on 
silicon substrate, respectively. Using spin coating method, a 
single layer of RBCs were dispersed uniformly on the Si 
substrate. It should be noted that although the concentration 
of the C60 NPs is high in the process of preparing RBCs 
with C60 NPs presence, not all the C60 NPs actually pene-
trated the cell membrane. Considering that the AFM tip 
only contacts the cell membrane in a concentrated area, a 
high concentration of C60 NPs in the mixture is required. 

1.2  AFM indentation 

The AFM [31] has emerged from an imaging device to a 
force sensing device at the nanometer and piconewton scale. 
For its ability to apply a local force up to 100 nN, the AFM 
has been widely used in biomechanics research [32–35]. 
AFM provides the method to apply a local deformation on 
the cell membrane, which allows researchers to analyze the 
mechanical properties of the lipid bilayer. A schematic dia-
gram of the AFM indentation is shown in Figure 2. To per-
form the AFM indentation, CSPM5500 Scanning Probe 
Microscope System (Being Nano-Instruments, Ltd.,) was  
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Figure 2  (Color online) The sketch map of AFM indentation. Single 
layer of RBCs were placed on the piezoelectric stage. With the rise of 
piezoelectric stage, the force can be applied on the RBC by the tip. The 
value of the force can be measured by recording the deflection signal of the 
cantilever using a laser and photo detector.  

used in our experiment. A single layer of RBCs without or 
with C60 infiltration were placed on the piezoelectric sample 
stage (Figure 3), respectively, which has a piezoelectric 
coefficient of 17 nm/V. With the rise of the sample stage, 
the RBCs contact the probe with the force constant of which 
is 0.02 N/m, The curvature radius of the tip is 20 nm. By 
recording the deflection signal of the cantilever and the pi-
ezoelectric signal, the images of the sample can be obtained. 
When performing the indentation, the tip approached and 
pressed the RBCs samples with a speed of 20 nm/s or 2000 
nm/s and generated a local deformation on the cell surface. 
The resulting deflection of the cantilever tip can be cali-
brated to estimate the applied force, which can then provide 
a high resolution image of the mechanical properties. It is 
possible to extract information regarding the elasticity of the 
cell by studying the indentation curves [36,37]. 

1.3  Results 

The RBCs samples with and without C60 infiltration were 
imaged by AFM, which are shown in Figures 3(a) and 3(b), 
respectively. The biconcave disc shape of RBC can be seen 
clearly. Among the RBCs is the substrate, which shows that 
there was only one layer of RBCs on the substrate in our 

experiments. In the comparison between images of RBCs 
with and without C60, no difference in morphology was ob-
served. In AFM indentation, more than 200 samples were 
tested, and the curves of tip indentation depth H and the 
applied force F (Figure 4) on the membrane by the tip of 
them were measured. We also performed fast indentation to 
invest the ultimate strength of the RBC membrane with and 
without C60 infiltration. In fast indentation, the downward 
speed of AFM tip is 2000 nm/s, which is one hundred times 
faster than the ordinary AFM indentation.  

From the experiments results of the AFM indentation, 
two important observations can be seen. The first observa-          
tion can be seen in Figure 4, which shows several examples 
of the Force-indentation depth curves (F-H curves) of nor-
mal (circle-lines) and C60 infiltrated (square-lines) RBCs 
measured by AFM indentation. The F-H curves reflect the 
resistance of the sample to the tip. Under the same value of 
force, the larger indentation depth can be interpreted that the 
sample is less resistant to the indentation, thus the sample is 
considered to be softer. It can be seen that the slope of the 
F-H curves of RBCs with C60 is smaller than that of the 
normal the RBCs, therefore the indentation depth H of C60 
infiltrated RBC is larger than that of normal the RBC under 
the same value of force. This implies that the RBCs with 
C60 presence is softer than the normal RBCs. It can also be 
seen that the distribution of the indentation curves of C60 
infiltrated samples is not as concentrated as that of the nor-
mal RBCs. This reflects the fact that the extent of change of 
the mechanical properties is related to the concentration of 
C60 NPs that enter the membrane. The other observation is 
seen in the fast indentation that RBC membrane in the 
presence of C60 NPs which can be pierced easily by the tip. 
As pointed out in Figure 5, inflection can be found in F-H 
curves of C60 infiltrated samples, implying that the samples 
were pierced. This phenomenon can only be found in C60 
infiltrated cell membrane, which shows that the presence of 
C60 is able to weaken the cell membrane and make more 
readily to be pierced. The results from the AFM indentation  

 

Figure 3  (Color online) (a) Normal RBCs samples imaged by AFM in the contact model. The biconcave shape of RBC can be clearly seen. Among the 
RBCs is the flat substrate, which shows that there was only one layer of RBCs on the substrate. (b) Image of RBCs with C60 infiltration. 
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Figure 4  (Color online) F-H curves of both normal and C60 infiltrated 
RBC. The slope of the F-H curves of samples with C60 is smaller than that 
of the normal one, thus the indentation depth H of C60 infiltrated RBC is 
larger than that of the normal RBC under the same value of force. The 
RBCs with C60 presence are softer than for normal RBCs.  

 
Figure 5  (Color online) Examples of F-H curves，which show that the 
sample RBC is pierced.  

is direct evidences that C60 NPs have the ability to change 
the mechanical characteristics of the RBC membrane. The 
effect of change in mechanical properties on the function of 
RBCs will be discussed later in this paper. 

2  The mechanism of how C60 NPs change the 
mechanical characteristics of RBC membrane 

To explain how C60 NPs change the mechanical characteris- 
tics of RBC membrane, we shall first investigate the 
changes in molecular structure caused by C60 infiltration. 
Recent MD simulation studies [20] report that the process 
of C60 NP can infiltrate into the lipid bilayer. It is observed 
that the C60 molecule initially diffuses slowly toward the 
bilayer initially. However, in a few nanoseconds, the C60 
molecule virtually infiltrates into the lipid bilayer and then 
remains in the lipid bilayer for the remainder of the simu-
lation. After the C60 molecule has entered the lipids bi-
layers, instead of the central plane of the membrane, its 
most probable the z-position which is z=1 nm, very close 
to the boundaries z=±1.5 nm. This can be seen below the 
head group (Figure 1). If there are several C60 molecules 

enter the lipids bilayers, the C60 NPs might assemble to be 
a cluster at the z-equilibrium position. Due to the presence 
of C60 NPs, the relative positions of lipids are affected, 
which could signal that the molecular structure of lipid 
bilayer is altered. 

It can be easily inferred that change in molecular struc-
ture will certainly change the interaction between molecules 
of the lipids bilayers. The interaction between two adjacent 
lipids and interactions between C60 NP and the lipids in 
proximity to it are defined to be short range interaction. 
Long range interactions are referring to the interactions be-
tween two nonadjacent molecules. For simplicity, in the 
analysis of the molecular interactions, we assume that long 
range interaction can be ignored and only short range inter-
action be considered. This simplification is acceptable for 
two reasons. First, the short range interactions comprise the 
main part of the total elastic potential of the lipids bilayers. 
Moreover, the contact area between AFM tip and the RBC 
membrane is insignificant in contrast to the whole cell, and 
C60 NPs can be assumed to distribute uniformly in the lipid 
bilayer. Thus, non-local effect, in which the long range in-
teractions are crucial, can be not considered. Therefore, 
ignoring the long range interaction dose not seriously affect 
the analysis. The physical pictures of interactions of two 
lipid molecules with and without C60 NPs presence are 
shown in Figure 6, in which a lipid is simplified to consist 
of a head group and tail group. In the z-direction, the equi-
librium position of the C60 NP in the lipids bilayers is the 
result of the competition between the energy cost to vacate 
the space to be occupied by the C60 NPs and the energy 
gained due to the interactions between the infiltrated C60 
molecule and its surroundings [20]. It can be implied that 
both head group and tail group apply a repulsive force on 
the C60 NP in lipids bilayers, which is shown in Figure 6. 
The head groups repulse the C60 NP by hydrophobic interac-
tion. Because the tail groups tend to resist the C60 NP from 
occupying the space between them, the interaction between 
tail group and C60 NP also tend to be repulsed. To describe 
the interaction between molecules in lipids bilayers qualita-
tively, we simply apply Lennard-Jones-like potential in the 
analysis [38], which is shown in Figure 7. The interaction 
between lipids in normal membrane is shown by the red line. 
It can be seen that the maximum force between lipids is the 
highest and the slope of the curve is largest, implying that 
the interaction between lipids in normal cell membrane is 
strong. The interaction between C60 NP and the lipids can be 
given as the green line in Figure 7. As discussed before, C60 
NP tend to be repulsive to the lipids thus the curve showing 
that the force between C60 NP and lipids tend to push each 
other away in a longer distance. By combining the two po-
tentials, the equivalent potential of two lipids with C60 

presence can be obtain, which is shown by the blue line. 
Three obvious changes can be viewed in the comparison 
between the blue line and red line. The maximum force of 
the interaction between lipids is weakened, which is  
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Figure 6  Schematic illustration of normal and C60 infiltrated lipids and the interactions between lipids and C60 NP. Without the presence of C60, the interac-
tions between the lipids result in lipids staying in equilibrium distant of each other. If there is a C60 cluster between the two lipids, it will be repulsive to both 
head and tail group. Resistance by the repulsive force, the head group and tail group tend to attract the head group and tail group of the other lipids, respec-
tively. The equilibrium distant of each lipids is thus changed.  

shown in Figure 7 as f. The slope of the curve of equiva-
lent potential of two lipids with C60 presence is smaller than 
that of the normal one, which implies that the interaction 
between two lipids is softened. Also, the relative equilibri-
um distance of the two lipids near the infiltrated C60 NP is 
enlarged by D due to the repulsive interaction between C60 
NP and the lipid. To explain this observation, we can con-
sider the interaction between the lipid as elastic bonds, 
which is shown in Figure 8. Before indentation, the bonds 
between the lipid is unstretched (Figure 8(a)), and the dis-
tant between the lipid is equal to the equilibrium distance. 
When the tip is pressed on the RBC membrane, the bonds 
are stretched to provide the resistance to the tip, which is 
shown in Figure 8(b). Because the bonds between lipids of 
the C60 infiltrate RBCs membrane is softer than that of the 
normal one, under the same force applied by the tip, the 
distant between two lipids with a softer bond becomes 
longer. Therefore, the indentation depth of C60 infiltrated 
RBCs membrane is larger than that of the normal one. With 
the presence of C60 NP, the maximum bond force between 
the lipids decrease. Thus with the tip pressed harder, the 
bonds in C60 NP infiltrated lipids bilayers reaching their 
maximum force more rapidly than the normal one (Figure 
8(c)), which cause the membrane to easily pierced by the  

 

Figure 7  Schematic illustration of normal and C60 infiltrated lipids and 
potential between lipids and C60 NPs. Without the presence of C60, the 
potential between lipids can be described by the red line. If there is a C60 
NP between the two lipids, it will interact with both the head and tail 
groups and form the green line. Therefore, the effect of green line should 
be pulsed with the red line to form the effective potential between the two 
lipids, which is shown as the blue line. 

 
Figure 8  Schematic illustration of the interaction between lipids under 
AFM indentation. The interaction between lipids is shown as elastic bonds. 
(a) Before the tip contact with the lipids bilayers, the bond is unstretched; 
(b) the bonds stretched to resist the force applied by the tip;  (c) with the 
tip pressed harder, the bonds between lipids might fail to resist the force 
and be broken. 

AFM tip. The change in relative equilibrium distance also 
contributes to the easily pierced RBC membrane. The long-
er distance between the lipid molecules may result in fewer 
lipids contacting with the tip, therefore, there are fewer 
bonds to store the energy caused by the deformation of the 
membrane. This can be interpreted that when the tip had 
done the same amount of work to the membrane in inden-
tion, the energy of each bonds in C60 infiltrated RBC mem-
brane is more than that in the normal membrane. This may 
explain why the RBC membrane with C60 presence is easily 
pierced by the AFM tip. 

3  Discussion and conclusion 

The softening of the RBC membrane implies that it may be 
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risky to apply NPs in medical treatment using mass dosages 
[39]. The effect of mass dosages of C60 NPs on the RBC 
membrane may be like malaria, a disease resulting from the 
merozoites which changes and destroys the molecular 
structure of RBCs membrane and causes fever and dissem-
inated intravascular coagulation (DIC). This result also im-
plies that the ultimate strength of the cell membrane is re-
duced by C60 NPs. The ultimate strength corresponds to the 
largest force the membrane that can provide resistance to an 
applied load. It can be seen in our experiment that the ulti-
mate stress of the cell is reduced due to the infiltration of 
C60 NPs. RBCs confront different forces in blood circulation. 
If their ultimate strength decreases, many of them would 
dehisce in the circulation. In this case, hemolytic anemia 
could occur, the consequence being serious and possibly 
fatal. Not limited to RBCs, most cells of humans have a 
similar membrane structure, therefore, C60 also has the abil-
ity to change their mechanical characteristics and cause dif-
ferent effects on their functions. For example, our results 
provide the explanation for the experimental results as re-
ported by Sayes et al. [28] that human skin (HDF) and liver 
carcinoma (HepG2) cells begin to exhibit signs of leaky 
membranes after 30 hours of exposure to C60 NPs.   

Although there are potential risks in the medical applica-
tion of C60 NPs, it should be noted that the ability of C60 NPs 
to change mechanical characteristics of cell membrane 
might also be valuable for therapies of certain diseases. For 
examples, mechanical properties of cell membrane are es-
sential for the function of bacteria. By changing the me-
chanical properties of cell membrane, C60 NPs might pro-
vide an alternative method to kill the bacteria that are 
harmful to human health, while the traditional antibiotics 
result in drug resistance of these bacteria. Another possible 
medical application might be using C60 NPs to regulate the 
mechanical properties of cells that are already sick or dete-
riorating due to aging. An appropriate amount of C60 NPs 
may aid or maintain the mechanical properties and functions 
of the cells in these situations. So far, little work has been 
devoted on utilizing the ability of C60 NPs to change me-
chanical characteristics of cell membrane, and further re-
search is needed. 

To summary, we have investigated how the mechanical 
characteristics of human RBCs membrane are altered by C60 
NPs infiltration based on experimental methodology and 
theoretical analysis. The results performed by the AFM in-
dicate that the mechanical properties of human RBC mem-
brane were altered due to the presence of C60 NPs, the re-
sistance and ultimate strength of the C60 infiltrated RBC 
membrane were both significantly decreased. To explain 
this observation, a simple model based on molecular inter-
action was developed. In this model, structural change of 
the lipid bilayer caused by the infiltration of C60 was dis-
cussed at the molecular level and the interactions among the 
molecules were analyzed. The theoretical analysis explains 
the experiment data, which are consistent to the mechanical 

properties that the RBC membrane are changed by C60 NPs 
infiltration. We believe that the infiltration of C60 NPs will 
make the cell membrane softer and more susceptible to 
breakage. Our results may provide an important reference to 
the safe application of C60 NPs and to the development of 
new therapies using NPs in bio-medical engineering. 
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