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Abstract 

Surface active phospholipids are present in fluids of biological relevance and their adsorption 

may condition and determine the response of carbon and nanocarbon surfaces when they are 

immersed in physiological media. In this work, the adsorption and assembly of liposomes at 

carbon interfaces was investigated to understand the effect of surface termination on the extent 

and mode of assembly of lipid aggregates. Liposomes of natural lipids were prepared from a 

mixture of phosphatidylcholine (PC) and phosphatidylserine (PS) and their hydrodynamic size 

and surface zeta potential were studied as a function of pH. Adsorption was investigated at 

graphitic amorphous carbon surfaces (a-C) and at these surfaces after oxidative treatments (a-

C:O). Infrared surface spectroscopy experiments show that PC/PS liposomes adsorb at a-C 

surfaces exclusively, independently of pH, while no adsorption is observed at a-C:O materials. 

Nanogravimetry and fluorescence imaging experiments in solution indicate that adsorption at a-

C occurs as supported intact vesicles. Interestingly, PC/PS adsorption at oxidized surfaces was 

observed only in the presence of a dication such as Ca+2, a behaviour that was attributed to 

screening of surface-liposome repulsive electrostatic interactions. Vesicle rupture experiments 

show that lipids adsorb as monolayers on graphitic surfaces, whereas adsorbate structures 

correspond to bilayers in the case of oxidized carbons. These results therefore demonstrate a 

strong dependence of adsorbate structure on both carbon chemistry and buffer composition. 

These findings have important implications for the design of carbon nanoparticles, carbon 

electrodes or carbon coatings for applications in biology and medicine. 
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1. Introduction 

Carbon materials are widely used in biological applications, both in the form of coatings or thin 

films, or as nanoparticles and nanostructured scaffolds. Carbons often demonstrate excellent 

performance a notable example being that of pyrolytic carbon coatings,1-2 while materials such 

as diamond-like carbon (DLC), amorphous carbon (a-C) and hydrogen-doped carbon (a-C:H) 

have been integrated into catheters, stents, joint replacements, sensors and even contact lenses.3-9 

Nanostructured forms of carbon are also of current interest as materials for biological 

applications: nanotubes10, fullerenes11, nanodiamonds12-13 and porous carbons14-15 have all been 

investigated as promising candidates for therapeutic and diagnostic purposes. The success of 

carbon as a biomaterial can partly be attributed to mechanical, frictional and corrosion properties 

that can meet diverse requirements.5-6, 16-17 However, the origin of their desirable bioresponse is 

not yet fully understood, and there is great interest in understanding what role carbon surface 

chemistry might play in determining its properties as a biomaterial.4, 18-25 

During the early stages after implantation, small biomolecules found in biological fluids and 

tissues transport fast to the surface and they are believed to condition the physiological response 

to the implanted solid, thus determining the outcome of more complex phenomena that occur 

over longer timescales, such as cell adhesion.1, 26-28 The most abundant biomolecules found in 

common fluids (e.g. plasma, serum, synovial fluid, tears) are proteins and lipids; both of these 

broad families of biomolecules modulate biological processes such as binding interactions, 

adhesion or enzyme function.1, 26-27, 29-30 Considerable attention has been dedicated by us and 

others to the study of protein/carbon interactions and to novel methods for promoting or 

preventing their adsorption.9, 31 However, the literature is comparatively sparse regarding 

lipid/carbon interactions. Lipids are present in concentrations that are similar to those of proteins 
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in serum; for instance, the molar concentration of triglycerides and fatty acids in blood plasma 

(0.5-2 mM) is typically comparable to that of albumin, one of the most abundant proteins.32-33 

Early studies by Baier and Dutton34 had demonstrated that significant amounts of lipids co-

adsorb with proteins at early times after a material comes into contact with blood. More recent 

work has also revealed that lipid/surface interactions are critical in determining biomaterial 

performance and the importance of including lipids in investigations of material bioresponses 

has been emphasized by several reserchers.1, 35-36 

Lipids in solution are mostly transported as part of aggregates, whether self-assembled into layer 

structures or as lipoprotein aggregates. Glycerophospholipids, also referred to as phospholipids, 

are an important subclass of lipids that play a role as structural components in membranes37-38 

and in aggregates for the transport of other lipids such as triacylglycerols.39-40 Besides their 

functional role in biological membranes, phospholipids also act as boundary lubricant molecules 

in natural synovial joints.41 Surface active phospholipids (SAPL) are present in synovial fluids 

as aggregates, which consist of almost 50% phosphatidylcholine (PC) in addition with small % 

of other phospholipids, such as phosphatidylserine (PS) and phosphatidylethanolamine (PE).42 

SAPLs are known to act as an efficient boundary lubrication system which remarkably decreases 

friction and wear corrosion associated with natural cartilage degeneration, such as 

osteoarthritis.41, 43-44 Moreover, synthetic vascular prostheses have shown the formation of 

atherosclerotic plaques at the bioimplant walls, a process which has been attributed to lipid 

adsorption at the interface.45 

One of the simplest models of lipid aggregates is a PC/PS liposome, which consists of a vesicle 

containing a water core enclosed by at least one PC/PS bilayer.46-47 McConnell et al.48 were the 

first to study the interaction between liposomes in suspension with solid surfaces; since then, 
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many groups have studied liposome/surface interactions with applications in biosensors, cell-

signalling and as a platform for protein studies.49-54 55 Liposomes have also been used to mimic 

the plasma membrane in vitro.47, 56 However, there is limited information on phospholipid 

adsorption at carbon coatings,45, 50, 57-60 and no information is available on the mode of 

adsorption and its relation to carbon surface chemistry. This work aims at investigating 

carbon/lipid interactions to better understand: what chemical properties lead to liposome rupture 

at carbon surfaces, what role surface properties play in determining the mode of liposome 

adsorption, and whether carbon surface modifications can be leveraged to promote/prevent 

liposome adsorption. 

Herein we investigate the influence of carbon surface termination on PC/PS liposome 

adsorption: adsorption was studied at a highly graphitic amorphous carbon surface (a-C) and at 

the same surface after an oxidative treatment. Oxidative treatments are widely used as a method 

to change the wetting properties and dispersibility of carbon materials61-63 and biomaterials,64-66 

and as a starting point for further functionalization via cross-linking reactions. Using a 

combination of surface spectroscopy, quartz crystal microbalance with dissipation technology, 

fluorescence imaging and atomic force microscopy we investigated the effect that pH and ionic 

composition have on the amount and mode of adsorption on these two carbon surfaces. Results 

demonstrate that adsorption and adsorbate structure of zwitterionic/anionic liposomes onto 

carbon surfaces is highly dependent on both carbon chemistry and buffer composition. Our 

findings have important implications for the design of carbon nanoparticles, carbon electrodes or 

carbon coatings for applications in biology and medicine. 
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2. Experimental methods 

Materials and Compounds. Phosphatidylcholine from egg yolk 99.9% (PC) and 3-sn-

Phosphatidyl-L-serine from bovine brain 95% (PS) lyophilized powders, phosphate buffer saline 

(PBS 0.01 M, 0.0027 M KCl and 0.137 M NaCl pH 7.4) tablets, sulfuric acid (95-97%), 

hydrogen peroxide (30%), methanol (semiconductor grade), chloroform (HPLC grade) and 

calcium chloride were purchased from Sigma Aldrich. Texas Red 1,2-Dihexadecanoyl-sn-

Glycero-3-Phosphoethanolamine, Triethylammonium Salt (Texas Red DHPE, ex/em ~595/615 

nm) was purchased from Life Technologies as a lyophilized powder. All water was obtained 

from a Millipore purification system. 

Liposome Preparation. Liposomes were prepared according to previously published 

protocols.67-69 Briefly, stock solutions of 10 mg mL-1 of PC and PS in chloroform were prepared 

and stored in the freezer; 2.6 μmol in 80:20 PC/PS molar ratio were dispensed in a glass vial and 

dried under Ar and vacuum until dry. 2.6 mL of buffer were added to the mixture and vortexed 

until a milky suspension was obtained, which was further sonicated for 30 min until the liquid 

appeared clear, thus yielding a 1.0 mM (0.79 mg mL-1) suspension in buffer. PC/PS suspensions 

at varying pH were prepared using the above procedure, with additions from buffer solutions that 

were pre-adjusted at pH values over the range 4.5-9.5. Liposomes were extruded through 0.45 

μm and 0.10 μm nylon membranes, unless otherwise noted; the filtrate was stored at 4°C prior to 

use. For all fluorescence measurements, 0.02% by mol of Texas Red DHPE was added to the 1.0 

mM liposome suspension.  

Substrate Preparation. A DC-magnetron sputtering chamber (Torr International, Inc.) was used 

to deposit amorphous carbon (a-C) films at a base pressure ≤ 2×10-6 mbar and a deposition Ar 

pressure of 7×10-3 mbar, as previously described.70 For infrared reflectance absorbance 
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spectroscopy (IRRAS), Si substrates were coated with an optically thick 449 ± 29 nm (C.I. 95%) 

Ti layer via DC magnetron sputtering prior to a-C deposition. Oxidized carbon films (a-C:O) 

were prepared via exposure of a-C to a UV grid-lamp (UVP, 5.9 mW cm-2 of 254 nm emission at 

sample distance) in air, as previously described.71-72 Patterned oxidation was obtained using a 

stainless steel shadow mask (courtesy of Prof. Duesberg) with 80 μm diameter holes in a square 

array. The mask was placed in contact with a-C surfaces resulting in a pattern of circular regions 

of a-C:O on a-C. 

Adsorption Experiments. Substrates were rinsed with methanol, dried under Ar and 

immediately afterwards immersed in 1.0 mM PC/PS suspensions for 1 h, following published 

protocols.50, 60 Substrates were rinsed and dried in Ar prior to characterization. For atomic force 

microscopy (AFM) measurements, 20 μL of the PC/PS suspensions were dispensed over 

surfaces, left for 1 h in a humid chamber, then rinsed and dried prior to imaging. 1.0 mM 

liposome suspensions were used for adsorption experiments, except for nanogravimetric 

measurements in solution, in which case a 0.12 mM (0.10 mg mL-1) concentration of PC/PS in 

PBS was used. 

Characterization Methods. Dynamic light scattering (DLS) and ζ-potential measurements were 

carried out using a Malvern Ζetasizer Nano-ZS, λ = 633 nm He-Ne laser. The signal was 

detected at 173° and 13° for DLS and ζ-potential measurements, respectively. ζ-potential 

determinations were carried out at 1.80 ± 0.15 mM total ionic strength, which ensured optimal 

solution conductivity while avoiding liposome damage; DLS determinations were all obtained at 

164 mM ionic strength. X-ray photoelectron spectroscopy (XPS) was performed using an 

Omicron system (1 × 10−10 mbar base pressure) equipped with a monochromated Al Kα source 

(1486.6 eV) and a multichannel array detector; spectra were recorded at 45° take-off angle. 



8 

 

Peaks were fitted after Shirley background correction using Casa XPS software; atomic ratios 

were obtained from area ratios using relative sensitivity factors (C = 1.00; O = 2.93). IRRAS 

spectra were collected on a Fourier Transform Infrared (FTIR) spectrometer (Tensor 27, Bruker) 

equipped with a Mercury Cadmium Telluride (MCT) detector, a Zinc Selenide polarizer and a 

specular reflectance accessory (VeeMax II). 256 spectra were collected at 4 cm-1 resolution at 

80° incidence, with p-polarized light, using a background substrate as noted in each case in the 

main text; spectra were baseline corrected using FTIR software (WinFIRST). Fluorescence 

images were obtained with an Olympus BX51 upright microscope, using a DP73 camera and a 

CoolLed light source; the filter set consisted of excitation bandpass at 530-550 nm, dichroic 

mirror at 570 nm and emission filter at 573-648 nm. Fluorescence recovery after photobleaching 

(FRAP) measurements were performed on a confocal microscope (Leica SP8) equipped with a 

Kr/Ar laser (exc. 552 nm). Samples were incubated in suspensions of fluorescently labelled 

liposomes, then rinsed with water and imaged while wet before, during and after photobleaching, 

following published protocols.73 A 25×25 μm2 area was photobleached for 10 s, three times, with 

the high-powered focused laser beam; then, 250×250 μm2 images were obtained every minute at 

low-power excitation to monitor recovery. Only brightness and contrast were adjusted in all 

images presented. Atomic force microscopy (AFM, Asylum Research) was performed in tapping 

mode (1 Hz) using Au-coated silicon cantilevers (NT-MDT, 1.45-15.1 N m-1 spring constant). 

Images were corrected for background prior to height profile analysis (Gwyddion); thickness 

determinations were obtained by fitting a step edge to the height profiles extracted along the scan 

direction (X-axis). Quartz crystal microbalance with dissipation (QCM-D, Q-Sense E4) 

experiments were carried out using 5 MHz Au sensors coated with 10 nm a-C films; studies on 



9 

 

oxidized surfaces were performed on a-C coated sensors exposed for 5 min to the UV lamp. All 

measurements were carried out at 150 μL min-1 with the sensor module thermostated at 20 °C.51 

 

3. Results 

Carbon surface characterization. Carbon films were deposited via magnetron sputtering as 

described in previous work,70 and their characterisation has been previously reported in work 

from our group.72 Briefly, amorphous carbon (a-C) surfaces with approximately 80% trigonally 

bonded carbon (sp2 content), as determined via both XPS and Raman characterisation, and 

approximately 7-9% O/C atomic ratio were obtained.70 The material possesses a real refractive 

index of 1.93 at 633 nm and a 0.85 eV Tauc gap;31, 72 its water contact angle and surface free 

energy had been reported to be 35° and 63.7 mJ m-2, respectively (Supporting Information).31  

Exposure of this a-C material to a UV lamp in air,72 yields oxidised carbon surfaces (a-C:O), 

whose main properties are summarised and compared to those of a-C in Table 1. Figure 1a 

shows survey XPS spectra of the carbon surface before and after the oxidation process, clearly 

showing an increase in the O1s : C1s peak ratio. Previously reported studies72 indicated that the 

O/C atomic ratio increases to 20% and the C 1s spectrum displays evidence of carboxylic acid 

groups (Supporting Information). Oxidation results in higher hydrophilicity as evidenced by a 

water contact angle below 5° and in a more negative ζ-potential, which decreases from -51 ± 2 

mV for a-C, to -62 ± 4 mV for a-C:O (pH =7.4; 1.8  0.15 mM ionic strength). The isoelectric 

point decreases from pHiso = 3.0 in a-C to pHiso <1.5 in a-C:O, which is supportive of a higher 

density of acid groups.15, 72, 74 Further spectroscopic evidence of the presence of ionisable acid 

groups was obtained via IRRAS. Figure 1b shows spectra of a-C:O immediately after oxidation 

ratioed against a pristine a-C background (top spectrum), and of the same sample after exposure 
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to PBS solution at pH=7.4, ratioed against its spectrum immediately after oxidation (bottom 

spectrum). The top spectrum shows a characteristic broad absorbance associated with C=O 

stretching modes of oxidised groups (~1760 cm-1), which likely includes contributions from 

ketones, carboxylic acids and anhydrides.75 After immersion of the a-C:O sample in PBS the 

difference spectrum (bottom) shows an enhancement of peaks at 1630 and 1385 cm-1 that can be 

assigned to the asymmetric and symmetric C—O stretching modes, respectively, of deprotonated 

–COO ̅  groups,75-76 which are expected to increase in intensity upon exposure to solution at pH 

> pKCOOH. 

 

 
Figure 1. (a) Survey XPS spectra of a-C and a-C:O surfaces showing a direct comparison of the 

oxygen content. (b) IRRAS spectra of a-C:O ratioed against a non-oxidised a-C background 

(top), and after exposure to PBS solution at pH 7.4 and ratioed against the top spectrum; spectra 

are baseline corrected and offset for clarity. 
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Table 1 – Summary of composition and properties of carbon surfaces used in our studies based 

on ref.;72 electrokinetic determinations are reported for  1.80  0.15 mM ionic strength. 

 

 
O/C 

at.% 

CAH2O  

(°) 

SFE  

 (mJ m-2) 

ζ-potential 

pH 7.4 (mV) 

pHiso 

a-C 9 35.2 ± 1.4 63.7 -51.3 ± 2.4 3.0 

a-C:O 20 < 5 63.9 -61.5 ± 3.6 <1.5 

 

Liposome Adsorption Studies. Figure 2a shows the hydrodynamic diameter of PC/PS 

liposomes over the 4.5-9.5 pH range (bars) and their corresponding polydispersity index (PDI-

dots). The diameter of the liposomes reaches a minimum of 76 ± 1 nm at pH 8.5, and increases 

up to 108 ± 2 nm and 241 ± 2 nm for basic (pH 9.5) and acidic (pH 4.5) pH values, respectively. 

For all sizes, the liposome PDI remained within the range of 0.22-0.39, typically observed for 

liposomes containing natural phospholipids.77-81 Finally, ζ-potential of the liposomes (triangles) 

at total 1.80 mM ionic strength, remained constant over the pH range explored at an average 

value of -85.1 ± 0.9 mV, as shown in the top plot of Figure 2a, thus indicating that PC/PS 

liposome suspensions are stable. The relatively constant and negative values of ζ-potential 

observed across the pH range explored are consistent with previous determinations of the 

intrinsic pKa values of 0.8 and 3.6 obtained for PC82 and PS/PC83 layers, as well as with ζ-

potential determinations of PS liquid crystals under comparable ionic strength conditions.84 

a-C and a-C:O surfaces were incubated in phosphate buffered liposome suspensions for 1 h, 

rinsed in water, dried and subsequently analysed by IRRAS. Phospholipid adsorption onto solids 

yields characteristic peaks of alkyl chains and phosphate groups which are present in the 

hydrophobic tails and head groups, respectively.85-88 Figure 2b shows IRRAS spectra obtained 

for a-C (left) and a-C:O (right) surfaces in the C—H stretching region after immersion in 

suspensions over the 4.5-9.5 pH range; all spectra are ratioed against a pristine a-C background. 
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Peaks at 2924 cm-1 and 2853 cm-1 are assigned to -CH2 antisymmetric and symmetric stretching 

modes, while the shoulder at 2965 cm-1 is assigned to -CH3 stretching modes.56, 89 IRRAS spectra 

of a-C surfaces display strong absorbances associated to the phospholipid alkyl tails at all pH 

values examined, however in the case of a-C:O it was not possible to detect any peaks, 

independently of pH. At lower wavenumbers it is also possible to observe C=O stretching peaks 

at 1736 cm-1 on a-C surfaces, assigned to ester groups in the lipid head groups (Supporting 

Information);49, 89-90 however, this region overlaps with C=O absorbances of a-C:O, thus making 

this region of limited use for monitoring lipid adsorption in the case of oxidised carbons. In 

summary, these results indicate that irreversible adsorption readily takes place at a-C surfaces 

while no adsorption was detected after oxidation. 
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Figure 2. (a) Hydrodynamic diameter of PC/PS liposomes vs. pH (bars) and corresponding 

polydispersity index (PDI, dots) obtained via DLS at 164 mM ionic strength; the top plot shows 

ζ-potential values (ZP) of PC/PS liposomes at 1.8 mM constant ionic strength as a function of 

pH. (b) IRRAS spectra in the 3150-2600 cm-1 region of a-C (left) and a-C:O (right) surfaces after 

1 h incubation of liposomes suspended in PBS buffer over the 4.5-9.5 pH range. The position 

of -CH2 stretching bands is indicated with dotted lines. 
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Figure 3. FRAP images obtained after incubation of PC/PS liposomes onto a-C (top) and a-C:O 

(bottom) surfaces. Each image is 250 μm x 250 μm and the photobleached area is 25 μm x 25 

μm. After photobleaching at t=0’, images are taken at one minute time intervals. (scale bar 

corresponds to 100 µm). 

 

To understand whether differences observed in Figure 2b are only observed when samples are 

analysed in air, and to determine the mode of adsorption of PC/PS liposomes at carbon surfaces, 

FRAP experiments were carried out. Surfaces were incubated at pH 7.4 in PC/PS suspensions 

prepared with Texas Red DHPE, a phospholipid with a fluorescently labelled head group, then 

rinsed in water and measured while wet. Figure 3 shows fluorescence images collected before (t 

= 0 min), during (t = 1 min) and after photobleaching of the adsorbed lipids. A comparison of the 

two surfaces in the pre-bleached images shows a much higher emission for a-C compared with a-

C:O, thus indicating higher lipid adsorption at a-C vs. a-C:O and in agreement with IRRAS 

results (Figure 2b). The effect of photobleaching is evident in the case of a-C (t = 1 min), 

however < 5% recovery was observed over 4 min (Supporting Information). This suggests that 

liposomes are present in the form of intact vesicles at the graphitic carbon surface, as near 

complete fluorescence recovery would be expected in the case of supported lipid layer formed 

via vesicle rupture.69, 73 In the case of a-C:O, no photobleaching was observed as expected based 

on the absence of lipid adsorption evident from pre-bleaching images and IRRAS results.  
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Figure 4 - QCM-D monitoring of PC/PS liposome adsorption at a-C (top) and a-C:O (bottom) 

surfaces. After PBS injection, the PC/PS solution (0.10 mg mL-1) was injected at 10 min and the 

interaction of PC/PS liposomes with a-C and a-C:O surfaces was monitored during 30 min; the 

surface was further rinsed with PBS. Values of frequency (left) and dissipation (right) are 

presented in the third overtone and measured in the range of 0 to -60 Hz and (0-12)× 10-6, 

respectively. 

 

QCM-D measurements in buffer solution provided further insight on the mode of liposome 

adsorption. Figure 4 shows representative curves obtained by monitoring changes in frequency 

and dissipation at a-C (top) and a-C:O (bottom) coated sensors; at time zero the crystal is 

stabilized in PBS, while the PC/PS liposome suspension is injected as indicated by the arrows. In 

the case of a-C there is a sharp decrease in frequency (Δf -52 Hz) with a concomitant increase in 

dissipation (ΔD 9.5×10-6), thus indicating that liposome adsorption at a-C leads to formation of a 

viscoelastic film with relatively large dissipation. Under our experimental conditions it was not 

possible to observe vesicle rupture on a-C over the course of approximately 50 min, which would 
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have been evidenced by a collapse in the dissipation value (close to 0) after the initial adsorption. 

In the case of a-C:O, no changes in frequency or dissipation are observed thus indicating that no 

adsorption takes place at oxidized surfaces. These results are in agreement with FRAP 

experiments and further indicate that liposome adsorption from solution occurs via formation of 

supported vesicular layers at graphitic a-C surfaces, whereas on oxidized surfaces liposome 

adsorption is completely absent.   

Liposome adsorption in the presence of a di-cation. Previous work on liposome interactions at 

inorganic oxides and model monolayers on Au60 has shown that substrate wetting properties and 

surface charge can affect the outcome of liposome/solid interactions. For hydrophilic and/or 

charged surfaces specifically, the presence of di-cations can promote liposome adsorption and 

rupture.60, 91-92 To assess the effect of di-cations in the case of graphitic and oxidised carbon 

surfaces exposed to natural PC/PS, 10 mM CaCl2 was added to the phosphate buffer while 

keeping the ionic strength constant at 164 mM. Figure 5a displays a comparison of the average 

hydrodynamic diameter of PC/PS liposomes obtained in PBS solution after a single membrane 

extrusion (0.45 μm), in the absence and presence of 10 mM Ca2+. Introduction of the di-cation 

results in a lower hydrodynamic diameter of 128 ± 3 nm (PDI 0.3) vs. 148 ± 2 nm (PDI 0.4); the 

liposome size remains stable over time with no evidence of aggregation in suspension 

(Supporting Information). Stability of PC/PS in Ca2+-containing buffer is further supported by ζ-

potential determinations shown in Figure 5a (right). The curves indicate that replacement of Na+ 

counterions with Ca2+ leads to an increase in the mean ζ-potential from -84.6 ± 0.8 mV to -43.5 ± 

1.3 mV, however this higher value remains in the accepted range for colloidal stability. The 

observed contraction in hydrodynamic size and the positive shift in ζ-potential are consistent 

with proposed models of Ca2+/phospholipid interactions. Ca2+ binds more strongly to headgroups 
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compared to Na+ and results in a condensing effect with consequent increase in chain packing 

and reduced curvature radius.93-94 Some groups have also reported liposome aggregation upon 

Ca2+ addition;95 however, we did not observe any evidence of aggregation, likely due to the 

concentration range and ionic strength conditions chosen for our experiments.  

Di-cations are thought to interact with phosphate groups of both PC and PS, however it has been 

highlighted that PS headgroups introduce additional binding sites thanks to the presence of  

carboxylate groups.94-97 In the case of our PC/PS liposomes, we confirmed that the presence of 

PS was indeed essential for observing the above trends; Figure 5b shows the hydrodynamic size 

and ζ-potential curves of PC-only liposomes measured under identical conditions of ionic 

strength and pH, with and without 10 mM Ca2+ in the PBS buffer. It is clear that the lack of PS in 

the liposome membrane results in slightly larger vesicles whose ζ-potential is not affected by the 

presence of Ca2+ counterions.    

 

Figure 5. (a) Hydrodynamic diameter (left) and ζ-potential values (right) of PC/PS liposomes in 

the absence (solid line) and presence (dotted line) of 10 mM CaCl2 in PBS. (b) Hydrodynamic 

diameter (left) and ζ-potential values (right) of PC liposomes in the absence (solid line) and 

presence (dotted line) of 10 mM CaCl2 in PBS. The total ionic strength was kept at 1.8 mM. 
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Figure 6a shows IRRAS spectra in the C—H stretching region for a-C and a-C:O surfaces after 1 

h incubation of PC/PS liposomes in PBS, and in PBS with 10 mM CaCl2 buffers; all spectra are 

ratioed against a pristine a-C background. Spectra of a-C surfaces exhibits the characteristic 

peaks of adsorbed lipid tails independently of whether the di-cation is present in solution.  a-C:O 

surfaces, on the other hand, show a dramatic increase in C—H absorbances upon introduction of 

Ca2+ in solution, indicating that di-cations clearly have a switching effect on PC/PS adsorption at 

the oxidised surface. A comparison of -CH2 net absorbances at a-C suggests that Ca2+ binding 

might also enhance lipid adsorption at this more graphitic surface (~20% increase in intensity), 

however it is not possible to exclude that chain reorientation might be responsible for the 

observed enhancement. 88, 98  

 

Figure 6. (a) IRRAS spectra in the region 3200-2650 cm-1 of a-C and a-C:O surfaces after 1 h 

incubation of liposomes suspended in PBS and PBS with 10 mM  CaCl2 at pH 7.4. The position 

of -CH2  stretching bands is indicated with dotted lines. Fluorescence images of a-C:O patterned 

over the a-C surface after incubation in suspensions of fluorescently labelled PC/PS liposomes (1 

mM PC/PS, 1 h) in PBS (b) and in PBS with 10 mM CaCl2 (c) at pH 7.4; scalebar = 500 µm. 
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Fluorescence imaging experiments carried out using PC/PS liposomes labelled with Texas Red 

DHPE confirmed the effect of di-cations observed via IRRAS. Carbon surfaces were oxidised 

via UV/ozone through a shadow mask, thus creating a-C surfaces with oxidised circular regions 

in a regular array (Supporting Information); these samples were then exposed to the PC/PS 

suspensions. Figures 6b and 6c show fluorescence images obtained in the absence and presence, 

respectively, of Ca2+ in the PBS solution. In the absence of Ca2+, the emission intensity was 

found to be approximately 40% higher in the a-C (non-oxidised) compared to a-C:O regions, and 

the chemical contrast created via patterned oxidation translated into spatial control over lipid 

surface density. The intensity contrast was found to be negligible in the presence of Ca2+, which 

effectively overwhelms the substrate chemistry leading to increased adsorption over the entire 

surface. These results confirmed that differences in peak intensities in IRRAS reflect differences 

in lipid density. The introduction of Ca2+ enhances adsorption at both a-C and a-C:O surfaces 

effectively overcoming the chemical contrast created via patterned oxidation. 

Study of liposome rupture. To investigate whether the carbon surface chemistry had an effect 

on liposome adsorbate structures upon vesicle rupture, we carried out AFM characterization 

studies at surfaces decorated with ruptured vesicles. Graphitic a-C and oxidized a-C:O surfaces 

(see Supporting Information) were exposed to a small volume of liposome suspension in PBS 

solution (20 L), then rinsed in water and imaged via AFM in air. Figure 7a shows the 

topography of a-C samples; images display adsorbates in the form of smooth “islands” that are 

consistent with the presence of supported lipid layers obtained after rupture.92, 99 The step edge of 

these layers yielded an average height of 1.13 ± 0.04 nm, which strongly suggests that the 

preferred mode of adsorption involves formation of supported monolayer aggregates, in analogy 

with previous studies on graphite surfaces.100-102 Similar results were obtained in the case of 
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samples incubated under identical conditions but in the presence of Ca2+, as shown in Figure 7b. 

The thickness of the supported layer was found to be 1.1 ± 0.1 nm which again indicates 

formation of monolayers after rupture.   

 

 

Figure 7. AFM images (2020 m2) of a-C surfaces after incubation in 20 μL of 1 mM PC/PS 

suspensions in (a) PBS and (b) PBS with 10 mM CaCl2 at pH 7.4. Average height profiles 

obtained from the regions indicated in the images are shown in the insets. The profiles show step 

edges of ca. 1.1 nm thickness in either absence or presence of Ca2+. 
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Figure 8. AFM images (2020 m2) of a-C:O surfaces after incubation in 20 μL of 1 mM PC/PS 

suspensions in (a) PBS and (b) PBS with 10 mM CaCl2 at pH 7.4. Average (a) and individual (b) 

height profiles obtained from the region indicated in the image are shown in the insets. The 

images show no evidence of adsorption in PBS, while a discontinuous layer of thickness ca. 4.4 

nm is obtained in the presence of Ca2+. 

 

Equivalent imaging experiments on oxidised a-C:O surfaces are shown in Figures 8a and 8b. In 

the absence of Ca2+ (Figure 8a), the incubation process did not yield any adsorbates, in 

agreement with IRRAS and fluorescence images. The introduction of the di-cation resulted in the 

formation of a defective supported layer (Figure 8b) whose average height was found to be 4.4 ± 

0.7 nm, in agreement with AFM thickness determinations of PC supported bilayers.100, 103 These 
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results indicate that the introduction of a di-cation can be used to promote liposome adsorption at 

oxidized carbon surfaces, however the resulting supported lipids consist of bilayers and differ 

from the monolayer adsorbates formed via vesicle rupture at graphitic surfaces. 

 

4. Discussion 

The results herein presented show that there are marked differences in the amount and structure 

of lipid adsorbates on carbon surfaces with different surface chemistry. A combination of 

spectroscopic, nanogravimetric and fluorescence studies indicates that adsorption at graphitic 

surfaces occurs predominantly in the form of supported intact vesicles; however, under 

conditions that promote rupture, adsorbates appear to consist of supported lipid monolayers, 

based on the experimentally determined height profiles (Figures 7 and 8). All experiments 

showed that carbon oxidation results in liposome rejection when compared with graphitic 

surfaces, such as a-C. 

The introduction of a di-cation (Ca2+) in the buffer was found to promote liposome adsorption, 

with the most remarkable changes observed in the case of oxidised surfaces. Interestingly, after 

vesicle rupture, the adsorbate thickness is much larger than that observed on graphitic surfaces 

and consistent with the presence of supported lipid bilayer (Figures 7 and 8). Therefore, our 

results indicate that the specific carbon surface termination/modification can dictate both density 

and type of lipid adsorption either in the presence or absence of the di-cation, a result that has 

important implications for applications of carbon coatings or nanocarbons as biomaterials, 

membrane supports and sensing surfaces. In the following paragraphs, the effect of (i) carbon 

surface chemistry and wettability and (ii) buffer ionic valence, on the outcome of 

liposome/carbon interactions is discussed. 
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Carbon Surface Chemistry and Wettability. Several studies have reported on the interaction 

of lipid aggregates with model solid surfaces, such as SiO2,
51 TiO2,

60 and mica92 and showed that 

wettability is critical in determining the outcome of liposome adsorption at the solid/liquid 

interface.60, 86, 104-106 It has been observed that at hydrophobic surfaces liposomes adsorb 

preferentially as supported vesicle layers (SVL) or supported lipid monolayers (SLM), whereas 

at hydrophilic surfaces a supported lipid bilayer (SLB) can form. This behaviour was reviewed 

by Tero et al.60 who attributed the liposome structure at hydrophilic surfaces to the higher 

density of –OH groups, which correlates to the increase of hydration repulsion forces between 

the stable layer of water molecules attached to the phospholipid head groups and the water bound 

to the solid substrate. 

Research on the interaction of liposomes with carbon coatings and surfaces is relatively sparse 

and the role of carbon surface chemistry and wettability on the structure of adsorbed liposomes is 

poorly understood. Among carbon materials, lipid adsorption on few-layer graphene has received 

attention, primarily for the fabrication of graphene-based electronic sensors.59, 107-109 Experiments 

with synthetic lipids show that graphene displays similar trends to those observed for oxide 

materials. Pristine graphene yields monolayers107 or inverted bilayers109 when subject to lipid 

deposition via solvent-assisted or dip-pen lithography methods, thus indicating a preference for 

adsorption of hydrophobic tails at the graphene interface. In situ vesicle fusion experiments by 

Tabaei et al.107 also suggest preferential monolayer formation on pristine graphene, although 

vesicle rupture events were not observed.  Studies on graphene oxide (GO),50, 107, 109 on the other 

hand, typically show evidence of preferred interaction between GO and lipid polar heads, 

resulting in formation of bilayers, bicells or supported vesicle layers. As in the case of oxide 

model surfaces, the adsorbate structure was proposed to be regulated by surface wettability; 
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hydrophobic graphene preferentially adsorbed intact vesicles (SVL) or SLM while hydrophilic 

substrates tended to form a SLB at the interface.108, 110  

In our studies, a-C surfaces with WCA of 35.25 ± 2.86° incubated in PC/PS liposomes revealed 

the presence of SVL at the interface in QCM-D and FRAP experiments in solution. Interestingly, 

after incubation in PC/PS suspension in PBS, oxidised carbon (a-C:O), an extremely hydrophilic 

surface with a WCA <5, no liposome adsorption was observed. The complete absence of 

liposome adsorption at macroscopic surfaces and at physiological pH is rare, or perhaps 

underreported, suggesting that for these surfaces control over surface wettability is not a 

sufficient condition to promote liposome fusion and adsorption.60, 73 

In addition to a substantial decrease in wettability, oxidation results in a change in the density of 

ionisable groups at the surface, which is also known to play a critical role on liposome/surface 

interactions and adsorbate structures. Experimental values on amorphous carbon surfaces 

showed that at neutral pH, a-C and a-C:O surfaces display a SZP of – 51.3 ± 2.4 mV and – 61.5 

± 3.6 mV, respectively.72 The additional negative electrostatic charge arising from acid groups in 

a-C:O surfaces suggests that repulsive contributions from surface charges might inhibit liposome 

rupture.111 Repulsive interactions have been proposed to explain reduced liposome adsorption on 

other types of carbon materials.111-113 For instance, Wang et al.112 reported on the interaction of 

DOPC liposomes with nanodiamonds and proposed that electrostatic repulsions between 

nanodiamond surface groups and liposome headgroups are responsible for reduced adsorption at 

pH 9. Frost et al.111 observed complete repulsion between PC/PS liposome suspensions and 

graphene oxide surfaces, with an oxygen content of 20% and a surface ζ-potential of −56 ± 1.1 

mV at non-physiological pH (pH = 4). In the case of a-C:O the repulsive effects appears to be 

strong even at neutral pH thus offering a viable method for the creation of liposome-resistant 
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coatings/surfaces and for achieving spatial control of lipids on carbon surfaces and electrodes 

under physiological conditions. 

Influence of Mono-/Di- Cation. Results from our experiments indicate that buffer ionic valence 

must be taken into consideration when interpreting interfacial behaviour. Literature suggests that 

the introduction of a di-cation favours bilayer adsorption at solid surfaces.73, 114-115 Previous 

reports in the literature56, 73, 91, 96, 99, 114-120 have focused on the effects of buffer composition, i.e. 

charge, ionic strength and ion nature, on the interaction between liposome and solid surface. The 

role of the cation is complex and has received significant attention, as it can affect adsorption 

through changes in liposome stability, liposome-surface interactions and liposome-liposome 

interactions at the solid interface.91  The positive shift in SZP in Figure 5a indicates strong 

association of Ca+2 to the lipid headgroups, as expected based on experimentally determined 

association constants for Ca+2 at phosphate groups obtained at PC supported films.121 However, 

under our experimental conditions, there is no evidence of vesicle destabilization, thus indicating 

that changes in liposome adsorption observed at a-C/a-C:O surfaces are primarily determined by 

effects of the dication on liposome-carbon, and possibly liposome-liposome interactions.  

In our experiments the effect of Ca2+ in PC/PS liposome adsorption was observed for both 

graphitic and oxidised carbon surfaces. The graphitic surface displays a slight enhancement of 

PC/PS adsorption when Ca2+ is added to the buffer, however it is on the oxidised surface that the 

introduction of the dication has a dramatic impact. Zwitterionic liposomes can interact with solid 

surfaces through both positively charged choline groups or negatively charged phosphate groups. 

Seantier and Kasemo91 have proposed that binding of the dication to the phosphate groups might 

screen more effectively the negative pole of zwitterionic lipid heads, thus increasing attractive 

interactions with negatively charged surfaces. Given the negative SZP of amorphous carbon 
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surfaces and the spectroscopic evidence of abundant carboxylate groups at neutral pH on a-C:O, 

it is expected that Ca2+ ions at the solid/liquid interface can bridge surface carboxylates and 

phosphate head groups at the liposome surface.91, 99, 120 Increased attractive interactions are 

expected to promote adsorption of intact vesicles and lead to deformation at the carbon interface, 

thus facilitating the rupture process. Ca+2 binding is also known to contribute to a decrease in the 

strength of liposome-liposome repulsive interactions; this additional effect further promotes 

rupture of adsorbed liposomes at the carbon surface.118, 122 

 

5. Conclusions 

In this work, the interaction of PC/PS liposomes with amorphous carbon surfaces was studied 

with regards to buffer composition and carbon surface chemistry and wettability. The amount 

and mode of liposome adsorption at a-C and a-C:O surfaces were investigated by using a 

combination of spectroscopic, nanogravimetric and microscopic techniques. IRRAS experiments 

on carbon surfaces after exposure to PC/PS liposome suspensions in PBS showed liposome 

adsorption exclusively at a-C surfaces for all pH investigated; QCM-D and FRAP measurements 

revealed that PC/PS liposomes adsorb at a-C surfaces as supported intact vesicles. The lack of 

liposome adsorption at the oxidised surface is attributed to the significantly higher hydrophilicity 

and density of charged groups, which results in an increase of electrostatic repulsion between 

liposomes and a-C:O surfaces. 

The introduction of the dication Ca2+ in the buffer solution led to PC/PS liposome adsorption at 

a-C:O and a slightly increased adsorption at a-C surfaces. Fluorescence results were in good 

agreement with IRRAS measurements, indicating a lower a-C:O/a-C fluoresence intensity ratio 

when the dication was added to the phosphate buffer. Finally, AFM measurements gave insights 
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about the structure of adsorbates: under conditions that promote liposome rupture, PC/PS 

liposomes adsorb as a monolayer on a-C, while for a-C:O the adsorption of a bilayer is only 

observed when the dication is added.  

Herein we demonstrate that tailoring of the carbon surface chemistry can be leveraged to control 

surface density of PC/PS liposome adsorbates and adsorbate structure. These results have 

implications on applications of amorphous carbon films in the biomedical field, where the mode 

and amount of model lipid aggregate adsorption at the interface might be critical in determining 

the bioresponse of carbon-based biodevices. Equally, these results are relevant for applications of 

carbon-based sensors and electrodes that require membrane immobilization e.g. as enzyme or 

bio-receptor supports.  
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