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Penetration and partition of C60 to the lipid bilayer core are relevant both to C60 toxicity and 

useful to realise C60 biomedical potential. A key aspect is the effect of C60 on bilayer 

mechanical properties. Here, we present an experimental study on the mechanical effect of 

the incorporation of C60 in the hydrophobic core of fluid and gel phase zwitterionic 

phosphatidylcholine (PC) lipid bilayers. We demonstrate its incorporation inside the 

hydrophobic lipid core and the effect on the packing of the lipids and vesicle size using a 

combination infrared (IR) spectroscopy, atomic force microscopy (AFM) and laser light 

scattering. Using AFM force spectroscopy we measure the Young’s modulus of elasticity 

(E) of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) in the 

absence (presence) of intra-membranous C60 at 24.5 °C. E of fluid phase supported bilayers 

is not altered by C60, but E increases with incorporation of C60 in gel phase bilayers. The 

increase is higher for longer hydrocarbon chains: 1.6 times for DPPC and twice for DSPC. 

However the mechanical resistance of gel phase bilayers of curved bilayer structures 

decreases with the incorporation of C60. Our combined results indicate that C60 causes a 

decrease in gel phase lipid mobility, i.e. an increase in membrane viscosity. 

 

 

 

1. Introduction 

In recent years there has been a resurgence of interest in the 

study of C60 fullerenes and their interactions with biological 

systems, and in particular with lipid membranes. C60, unique 

carbon cage structure of 1 nm in diameter, its unique 

reproducibility in size and structure - still a rare characteristic in 

engineered nanoparticles- and an immense scope for 

derivatisation make them very attractive from both the 

technological1 and biomedical2, 3 points of view. Like many 

other nanoparticles that are used in biological environments C60 

presents the apparently paradoxical property of being at the 

same time bio-medically attractive and potentially toxic4, 5. C60 

has shown anti-HIV activity6 and antimicrobial action7 and has 

been used as magnetic resonance imaging agent8. C60 

aggregates have been proposed as an anticancer-prodrug for 

chemo and photodynamic therapies9. C60 can inactivate 

intracellular free radicals, giving them unusual power to stop 

free radical injury and to halt the progression of diseases caused 

by oxidative stress such as Parkinson’s10, Alzheimer’s11, 

multiple sclerosis12, sun skin damage and aging13.  

C60 interacts very strongly with lipid membranes. The 

interaction between C60 and lipids has been the object of 

intensive study for several reasons: (i) Lipids can be used for 

solubilisation of C60 by incorporation inside non-toxic 

liposomes14, 15. (ii) Liposomes are commonly used in drug 

delivery systems16 and they could be used as a vehicle for 

delivering C60 with therapeutic or diagnostic applications. (iii) 

The interaction of C60 with lipid membranes is key to their 

potential toxicity. 

1. Both experiments and simulations17, 18 confirm that fullerenes 

partition to the membrane interior15, 19. The effects of C60 on 

bilayer dynamical and mechanical properties are important for 

toxicity and drug delivery20, 21. Rigidity is one of the key 

physical factors in improving the drug delivery efficiency of 

carrier particles22, and it is starting to be exploited in mechano-

sensitive drug-delivery systems23 24. It affects their particulate 

stability and drug release profile as well as their blood 

circulation time. In this context incorporation of C60 might be 

an interesting way of achieving two goals: C60 can be used both 

as a drug and to modulate the mechanics of the liposome. 
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 Mechanical effects of C60 on model system lipid bilayers 

have been recently studied by Wong-Ekkabut et al.21 using 

computer simulations. They predicted a 40% decrease of the 

diffusion coefficient of lipids, i.e. increase in membrane 

viscosity. Furthermore a significant decrease in mechanical 

resistance of the membrane was predicted. Despite the 

significant changes in membrane properties upon the addition 

of C60, the authors concluded that fullerenes could hardly cause 

any structural damage to the membrane, since no bilayer 

rupture, micellisation or persistent pore formation could be 

predicted in the simulations. Currently there are no experiments 

available, to the best of our knowledge, to confirm these 

simulations. 

 Here, we present an experimental study of the mechanical 

properties of fluid and gel phase zwitterionic lipid bilayers that 

contain C60 in their hydrophobic core. We use the mixed film 

method to produce liposomes containing C60, IR spectroscopy 

to confirm their incorporation in the bilayer and laser light 

scattering to confirm their effect on the vesicles size and weigh-

averaged molar mass. Finally we use atomic force microscopy 

(AFM) imaging and force spectroscopy in solution to 

quantitatively evaluate the mechanical effect of C60 using the 

Hertz model modified by Chadwick25 to determine the elastic 

modulus of supported bilayers.  

 

2. Materials and Methods 

2.1 Materials and Liposome Preparation 

DMPC, DPPC, DSPC were purchased from Avanti Polar Lipids 

(Birmingham, Alabaster, USA). NaCl and KCl were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q water 

(Millipore, Billerica, MA, USA) with resistance of 18.2 MΩ cm 

was used throughout all the experiments. Saturated C60 

solutions were obtained by dissolving C60 (ACROS New Jersey, 

USA) in chloroform (VWR International Ltd., Leicestershire, 

UK) to a concentration of 0.25 mg/ml. 

Liposomes (SUV) Preparation. 0.5 ml of lipid chloroform 

solution (0.6 mg/mL) was transferred into glass vials and dried 

gently with nitrogen to form lipid film. The film was hydrated 

with 1.0 ml of 20 mM NaCl solution, heated to 70 oC and 

sonicated with a probe for 3 min. After sonication, the liposome 

solution was centrifuged at 1300 rpm for 30 min. to remove 

multillamelar vesicles; the supernatant was used for the 

subsequent measurements. 
Liposomes (SUV) containing C60, mixed film method. C60-

liposomes were also produced by hydration of a mixed film 

composed of C60 and phosphatidylcholine (PC) lipids. In brief, 

10 L of 0.25 mg/ml C60 solution in chloroform was added to 

the 0.6 mg/ml lipid chloroform solution, stirred for 5 min to 

form a mixed lipid-C60 solution that was subsequently dried 

with nitrogen. The mixed film was hydrated in 20 mM NaCl 

solution, followed by a step of sonication and centrifugation as 

above. 

2.2 Atomic Force Microscopy (AFM) 

All images were recorded with a commercial MFP-3D AFM 

(Asylum Research, Santa Barbara, CA). Imaging was carried 

out with Olympus TR800 silicon nitride microcantilevers 

(nominal spring constant kn = 0.57 N m-1, Olympus, Tokyo, 

Japan) in amplitude-modulation mode (AM-AFM) at 24.5 °C 

temperature. The spring constant of the each cantilever was 

calibrated using the thermal noise method27. Before imaging, 

the system was left for 1 h to reach thermal equilibrium. For 

each image, height, amplitude, and phase information were 

acquired simultaneously. 

 Extension curves (force vs. distance curves) were acquired 

on different areas of the lipid surface. Typically more than 100 

measurements were averaged for determining the mechanical 

properties presented. Extension and retraction velocity was 

fixed to 200 nm/s for all measurements. For comparison, 

extension curves where also taken on mica before and after 

curves acquisition on lipid samples. To avoid systematic errors, 

each set of measurements carried out in a specific buffer 

condition was made in a random order. 

2.3 Laser Light Scattering (LLS) 

A commercial spectrometer from Brookhaven Instruments (BI-

200SM Goniometer, Holtsville, NY) was used to perform both 

static light scattering (SLS) and dynamic light scattering (DLS) 

over a scattering angular range of 20-120. A vertically 

polarized, 100 mW solid-state laser (GXC-III, CNI, 

Changchun, China) operating at 532 nm was used as the light 

source, and a BI-TurboCo Digital Correlator (Brookhaven 

Instruments Corporation) was used to collect and process data.  

 In SLS, the angular dependence of the excess absolute time-

averaged scattered intensity, known as the Rayleigh ratio 

Rvv(θ), was measured. For a very dilute solution, the weight-

averaged molar mass (Mw) and the root mean-square radius of 

gyration (Rg) were obtained on the basis of 

2 2

2/ ( ) (1/ ) 1 (1/ 3) 2vv w gHC R M R q A C                 (1) 

where H = 42n2(dn/dc)2/(NAλ4) and q = 4n/λ sin(θ/2) with NA, 

n, dn/dc, and λ being the Avogadro’s number, solvent refractive 

index, specific refractive index increment, and wavelength of 

light in vacuum respectively.  

 In DLS, the intensity–intensity time correlation function 

G(2)() in the self-beating mode was measured as 

 
2

(2) (1)1 ( )G A g    
                (2) 

where A is the measured base line,  is a coherence factor,  is 

the delay time, and g(1)() is the normalized first-order electric 

field time correlation function. g(1)() is related to the line width 

distribution G() as 

 (1)

0
( )g G e d


                    (3) 

By using a Laplace inversion program, CONTIN, the 

normalized distribution function of the characteristic line width 

G() was obtained. The average line width,  , was calculated 

according to 
( )G d     .   is a function of both C and q, 

which can be expressed as 

   
2

2/ 1 1d gq D k C f R q    
              (4) 

with D, kd, f being the translational diffusive coefficient, 

diffusion second virial coefficient, and a dimensionless 

constant, respectively. D can be further used to obtain the 

hydrodynamic radius Rh by using the Stokes-Einstein equation: 
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/ 6B hD k T R                               (5) 

where kB, T,  are the Boltzmann constant, absolute 

temperature and viscosity of the solvent respectively. 

 For LLS measurements, the aqueous solutions were filtered 

through 0.20 μm filters (Sartorius Stedim Biotech, Goettingen, 

Germany). 

2.4 Attenuated total reflection (ATR) - Fourier transformed 

infrared (FTIR) spectroscopy 

20 μL of SUVs or SUV/C60 solution was deposited on the ATR 

crystal of the SmartiTR attachment of a Nicolet iS10 (Thermo 

Scientific) system. FT-IR absorbance spectra were obtained at 

room temperature with 50 scans averaged for each spectrum. 

The initial weight ratio of lipid/C60 was 120:1. 

 

3. Results and discussion 

Incorporation of C60 into gel-phase (DPPC) and fluid-phase 

(DMPC) liposomes, LLS study of size and liposome molar mass  

Liposomes of gel and fluid lipids containing C60 in the bilayer 

hydrophobic core were produced by the mixed film method 

described in the Materials and Methods section, with a C60: 

lipid weight ratio of 1:120 which is equivalent to ~ 1:120 molar 

ratio (the molecular weight Mw of PC lipids and C60 is very 

similar, Mw (DPPC) = 734 g/mol and Mw (C60) = 721 g/mol). In 

dilute solutions, DLS measures time-dependent fluctuations in 

the scattered light signal using a fast photon counter and can be 

used to determine the hydrodynamic radius of macromolecules 

or particles. The radius of gyration and the weight-averaged 

molar mass of macromolecules or particles can be obtained by 

fitting the Rayleigh ratio measured in SLS. LLS measurements 

were performed to characterise the size and molar mass of fluid 

and gel phase liposomes with or without C60 in the bilayer core. 

 Figure 1A shows the size distribution of DPPC liposomes 

measured by LLS with or without C60 in 20 mM NaCl solution. 

Only a mono-diffusive mode is observed at all the studied 

angles and this mode shows no angular dependence. The Rh,app 

(apparent hydrodynamic radius) of liposomes with or without 

C60 after extrapolating to zero angle are 88 and 92 nm, 

respectively, which is indistinguishable considering the 

experimental error. The polydispersity of the DPPC/C60 

liposomes is larger than that of DPPC liposomes. Figure 1B 

compares the angular dependence of the inversed excess 

scattering intensity in a SLS experiment (denoted as It/(Is-I0), 

with It, Is, and I0 being the scattered intensity from toluene, 

liposome solution and the solvent, respectively) of DPPC and 

DPPC/C60 systems. Since the inverted intensity is proportional 

to HC/Rvv(θ), the inverted intensity after extrapolating to zero 

angle is proportional to 1/Mw,app, where Mw,app
 is the apparent 

weigh-averaged molar mass of the studied system. The 

C60/liposome system has a smaller inverted intensity than that 

of the lipid-only system which indicates a higher molar mass.   

 

 The results of SLS and DLS confirm the incorporation of 

C60 in the SUV by the increase of molar mass (as expected) but 

small or negligible changes in the size of SUVs, as measured by 

LLS. Similar results were obtained for fluid lipid DMPC 

vesicles, i.e. successful incorporation with negligible size 

changes but increased molar mass, as shown in Fig 1 C and 1D. 

These results confirm the results of the simulations predicting 

incorporation of C60 in the bilayer core21. Since in our 

experiments the C60:lipid molecular ratio is small (~1:120) it 

can be expected that the presence of C60 would not significantly 

alter the liposome size, since for each 100 nm2 of bilayer area 

there should only be ~ 3 C60 molecules, in average. To 

investigate effect on individual lipid molecules, we perform 

FTIR experiments. 
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Figure 1. Size distribution at 90o (A&C) and SLS result (B&D) of lipid and lipid/C60 

systems in 20 mM NaCl solution indicating an increase of the molecular weight 

of the C60 containing liposomes.  

Interaction of C60 with lipid molecules using FTIR 

The interaction between C60 and lipid molecules in lipid 

bilayers was investigated by FTIR using a fluid lipid (DMPC) 

and a gel phase lipid (DPPC). Additionally to further 

investigate the effect of the length of the carbon chain in gel 

lipids we studied DSPC bilayers. Methylene (CH2X2) has 9 

different vibrational modes, six of which involve only the CH2 

portion: symmetric and anti-symmetric stretching, scissoring, 

rocking, wagging and twisting28. Most of the methylene groups 

reside in the tail of the lipids and as such, these modes are 

sensitive to the conformational order of the bilayers. The 

stretching of CH2 bonds are sensitive to the changes in the ratio 

of trans/gauche conformations, an increase in wavenumber is 

associated with more gauche bonds and therefore lower bilayer 

order29. Figure 2 shows the asymmetric νas(CH2) (2920 cm−1) 

stretching band and symmetric νsCH2 (2850 cm−1) of the lipid 

carbon backbone of different length of carbon tails with or 

without C60. DPPC and DSPC are both in gel phase at ambient 

temperature, when C60 is present in the bilayer, the CH2 

asymmetric stretching frequency shifts by approximately 1.5 

cm-1 to the left. In the case of the DPPC and DSPC symmetric 

stretching frequency, the bonds shift ~2 cm-1 and 0.5 cm-1 

respectively to the lower region with the incorporation of C60, 

which indicates a reduction in the number of gauche bonds. 50 

scans were averaged for each spectrum. The wavelength 

precision is better than 0.01 cm-1 at 2000 cm-1, and the spectral 

resolution is better than 0.4 cm-1. Although the shifts are small, 

the deviation is larger than 0.4 cm-1 and the signal to noise ratio 

is around 4 for a 1.5 cm-1 shift. These results indicate that the 

presence of C60 modifies not only the intra-chain configuration 

but also the inter-chain orientation of DPPC and DSPC 

hydrocarbon tail.  
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  To investigate the effect of C60 in a lipid in fluid phase we 

conducted experiments with DMPC. DMPC has a shorter 

carbon tail and there is no obvious frequency shift for either 

asymmetric or symmetric CH2 vibration. This indicates that C60 

did not affect the lateral packing or chain conformation in 

DMPC. We note that for DMPC in liquid state the hydrophobic 

tail has a strong thermal fluctuation leading to a lower-signal to 

the noise ratio in Fig. 2A. 

 The combined results of light-scattering and FTIR confirm 

incorporation in the bilayer core, by an increase of the 

molecular mass of the liposomes and changes in the inter- and 

intra-chain orientation of the lipid chains. Furthermore our 

results indicate that C60 molecules do not aggregate inside the 

vesicles. C60 size is about 2/3 of the lipid tail, if they 

aggregated, the liposome, which is controlled by kinetics, 

would be probably become unstable and break, which is not 

observed in the light scattering experiments. 
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Figure 2. FTIR spectrum of DMPC (A), DPPC (B), and DSPC (C) in the 

presence/absence of C60 inside the bilayer core. 

AFM imaging in solution of supported lipid bilayers and 

unruptured liposomes 

Figure 3 shows AM-AFM images recorded in NaCl aqueous 

solution at room temperature of gel phase DSPC (Fig. 3 A&B), 

fluid phase DMPC (Fig. 3 C&D), gel phase DPPC (Fig. 3 E&F) 

and planar bilayers formed after deposition of vesicles on mica.  

No annealing over the phase transition of the lipids was 

performed so that information about the vesicle could be 

inferred.  DMPC, DPPC and DSPC share the same PC head-

group but have a different length of the hydrocarbon tail (14, 16 

and 18 respectively). Left hand-side panels (Fig. 3 A, C&E) 

show pure lipid bilayers and right hand side panels (Fig. 3 B, 

D&F) show C60/lipid bilayers. The bilayer height is not 

appreciably altered by the presence of C60 in their interior. The 

values are (averaging 10 images): 5.44 ± 0.03 nm for DMPC, 

5.40 ± 0.14 nm for DMPC/C60; 5.91 ± 0.46 nm for DPPC, 5.72 

± 0.30 nm for DPPC/C60; 5.99 ± 0.28 nm for DSPC, and 6.04 ± 

0.21nm for DSPC/C60. The values fit those previously reported 

in AFM experiments30. As expected, increasing the number of 

methylene of each hydrocarbon tail leads a higher height31.  

 Fig. 3 (E&F) show that some liposomes of DPPC do not 

rupture to form planar bilayers. These un-ruptured DPPC 

liposomes-like structures would be kinetically trapped 

structures due to their membrane curvature. These liposome-

like structures are not round; they are deformed and present a 

uniform flatter outer area of around 12 nm in height and a 

higher central region which height can vary from 16 nm to 30 

nm. The height of the outer area suggests that it is 2 bilayers 

thick and the central region should correspond to a curved 

structure encapsulating saline solution inside, as proposed in 

Fig. 3G. The bending point should depend on the curvature of 

the DPPC lipid membrane; and a larger vesicle produces a 

higher central region. Based on these data, we propose a 

scheme for the formation of these structures (Fig. 3G) that 

could be either due to a liposome attaching directly on mica 

(left) or a half-ruptured liposome fused on a planar bilayer 

(right).. 

 

Page 4 of 7Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale ARTICLE 

This journal is © The Royal Society of Chemistry 2015 Nanoscale,  2015, 00, 1-7 | 5  

Figure 3. AM-AFM images of lipid bilayers on mica surfaces in 20 mM NaCl 

solution. (A) DSPC without C60, (B) DSPC with C60, (C) DMPC without C60, (D) 

DMPC with C60, (E) DPPC without C60, (F) DPPC with C60 and (G) Scheme of two 

hypotheses (1 & 2) of formation of the adsorbed liposome curved structures in 

20 mM NaCl solution. Scale bar, 200 nm for all the AFM images.  

Force spectroscopy: Effect of C60 on modulus of elasticity of 

planar bilayers 

The Young’s modulus or modulus of elasticity is an intensive 

property that characterises a material, independently of its 

geometry. It is defined as the ratio of the stress to the strain 

(ratio of deformation over initial length) on one axis in the 

range of stress in which Hooke's law holds (i.e. in the elastic 

range). AFM indentation allows the determination of the 

normal Young’s modulus of planar bilayers in a direct way, 

although the examples remain scarce in the literature. One of 

the main difficulties is that in order to obtain results that are 

independent of the stiffness of the substrate only a very small 

part of the indentation curve (1-2 nm) can be used for the 

fittings, leading to higher experimental errors due to the signal-

to noise ratio. Scheuring et al.32 used the Hertz model to 

calculate the Young’s modulus of DPPC in gel (28.1 MPa) and 

liquid (19.3 MPa) phases, using 20% of the indentation curve. 

In a previous work we estimated the Young's normal bulk 

modulus of native purple membranes and its dependence on pH 

and ionic strength25 by fitting the force curves with a theory 

recently developed by Chadwick33. This theory is an extension 

of the Hertz model that assumes a sphere indenting a thin film 

located on a substrate composed of harder material. In this 

work we showed that the Young's modulus calculated from the 

Sneddon's modification of the Hertzian theory systematically 

shows values 35% higher than the Chadwick model. Here we 

will use the Chadwick model to calculate the Young’s modulus 

of DPPC and, for the first time, of DMPC and DSPC at 24.5 C, 

and the influence of C60 on their bilayer stiffness. Figure 4 

displays typical force vs. indentation curves as the AFM tip 

moves towards the sample (approach curves) for all the planar 

lipid bilayers and their corresponding C60/bilayers. 

 For DMPC no significant change of the slope of the curve 

during indentation is detected. This seems to indicate that the 

fluidity of the membrane allows for diffusion of the C60 

embedded in the fluid bilayer hydrophobic core as the tip 

deforms it. However there is a clear change of slope for gel-

phase lipid membranes that contain C60. Both in DPPC and 

DSPC force curves show that the resistance of the membrane to 

the penetrating tip in the presence of C60 is higher than that of 

the pure lipid. We propose that the presence of hydrophobic C60 

in the bilayer core might change the orientation of the 

hydrocarbon tails, increasing the cohesion of the hydrophobic 

part of the membrane and the van der Waals attraction force. 

Following this interpretation, for DSPC, the increase of 

stiffness is more evident since DSPC has a longer tail which 

could provide larger hydrophobic region for C60 to interact 

with. This interpretation is in agreement with the FTIR 

experiments described above; FTIR indicates that the presence 

of C60 modifies not only intra-chain configuration but also the 

inter-chain orientation of DPPC and DSPC hydrocarbon tails. 

 
Figure 4. Force vs. indentation curves for pure DMPC, DPPC and DSPC lipid 

membranes (light grey) and the corresponding C60/lipid systems for each lipid 

(dark grey), mica is given as reference (black). 

To quantify these differences, we calculate the Young’s 

modulus E using the Chadwick model in the elastic part of the 

indentation curves33:  

22

3

ER
F

h


                           (6) 

where F, R, h, σ are the force, the radius of spherical tip, the 

thickness of the lipid bilayer and the indentation, respectively. 

The membrane is considered incompressible (Poisson's ratio  

of 0.5). The results obtained for E using this theory for each 

lipid bilayer are: 33 ± 13 MPa for DMPC, 34 ± 14 MPa for 

DMPC/C60; 42 ± 16 MPa for DPPC 69 ± 29 MPa for 

DPPC/C60; and 51 ± 16 MPa for DSPC, 100 ± 18 MPa for 

DSPC/C60.  These results are plotted in Figure 5. Figure 5 

clearly demonstrates that the stiffening of the bilayer due to C60 

in the hydrophobic core increases with the length of the tail of 

the phospholipid molecule. The values for E quantitatively 

agree with previously reported values, including Scheuring et 

al. AFM report for DPPC26, 32. An additional result of these 

experiments is a comparison of E values obtained with AFM 

for bilayers of PC lipids with different number of carbons, 

which has not been reported before, to the best of our 

knowledge. 
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Figure 5. Young’s modulus of elasticity vs. number of carbons of the 

phospholipid molecule (14 for DMPC fluid, 16 for DPPC gel and 18 for DSPC gel) 

of lipid bilayers with and without C60 embedded in the bilayer hydrophobic core 

at 24.5 C. 

 

Page 5 of 7 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Nanoscale 

6 | Nanoscale,  2015, 00, 1-7 This journal is © The Royal Society of Chemistry 2015 

Bilayer rupture force in DPPC/C60 adsorbed liposome structures. 

As described above and shown in Fig. 3 (E and F), DPPC 

samples present unruptured liposomes that form curved 

structures on the sample. We performed indentation 

experiments on these un-ruptured structures. During the 

indentation experiments, in 1/3 of the force vs. distance curves 

on DPPC/C60 adsorbed liposome structures we observed a 

sudden jump-in in the force vs. z-displacement curves that 

corresponds to the rupture of the bilayer36. Fig. 6 shows 6 

examples where indentation of adsorbed liposome structures 

leads to a rupture of the bilayer; the curves present 3 regions 

labelled as I-III in the figure. Region I is the non-contact region 

where the tip is far away from the liposome. Region II 

represents the elastic deformation of the liposome under tip 

compression. Region III corresponds to the deflection of the 

lever after penetrating the vesicle. Statistically (by averaging 

over 60 curves, as shown in the histogram in Fig. 7) the rupture 

force is 2.7 ± 1.1 nN which is a considerable reduction from 

the 20 nN measured by Garcia–Manyes et al. for DPPC planar 

bilayers36. However the rupture force strongly depends on the 

lipid bilayer configuration (planar vs. adsorbed liposome) and 

would also be affected by the material of the tip, differences in 

temperature and the solution conditions, all these factors can 

contribute to the order of magnitude difference. However we 

were only able to measure bilayer rupture events in the 

presence of C60, not in pure DPPC adsorbed liposomes with the 

cantilever and forces used for this study. This seems to indicate 

an alteration of lipid mobility in the presence of C60 that would 

make it easier to penetrate the bilayer in the presence of C60 

which is in agreement with the FTIR spectroscopy data 

summarised in Fig. 2. 

 
Figure 6. (A) Rupture force for 6 different selected absorbed DPPC/C60 SUV 

vesicles. The presence of C60 decreases the mechanical stability of the 

membrane. The inset (B) shows the histogram of rupture force for total 60 

different absorbed DPPC/C60 SUV vesicles. 

 

4. Conclusions 

The combination of FTIR, AFM and LLS demonstrate the 

incorporation of C60 inside the hydrophobic lipid bilayer core 

using the mixed film method. FTIR experiments indicate that 

the presence of C60 modifies not only intra-chain configuration 

but also the inter-chain orientation of DPPC and DSPC 

hydrocarbon tails, as we summarise in the schematic of Fig. 7. 

AFM imaging confirms previous theoretical studies that 

predicted no bilayer rupture, micellation or persistent pore 

formation21. Our experiments also indicate that C60 molecules 

are not aggregated inside the bilayer. Our indentation studies 

show that the modulus of elasticity of supported bilayers 

increases in the gel phase bilayers after incorporation of C60, 

but not in fluid phase lipids. The increase is higher for a longer 

hydrocarbon chain: 1.6 times for DPPC and twice for DSPC. 

The bilayer rupture force of adsorbed liposomes decreased 10 

times with respect to pure DPPC bilayers. Our combined results 

of AFM indentation and FTIR indicate that C60 causes an 

alteration of gel phase lipid mobility. These results confirm 

simulation studies that predicted a 40% decrease of the 

diffusion coefficient of lipids and a significant decrease in 

mechanical resistance of the membrane21. 

 
Figure 7. Schematic of the effect of C60 on gel and liquid-phase PC bilayers. Well-

dispersed C60 affects intra- and inter-chain orientation of carbon chains in gel 

DPPC and DSPC but does not alter DMPC liquid-phase bilayers. In gel phase 

bilayers, the presence of C60 affects the lipid mobility, increases the modulus of 

elasticity, and decreases the bilayer rupture force. The presence of C60 does not 

affect fluid bilayers’ elastic modulus. 
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