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Abstract 

The interaction of carbon black particles (CB) with 1,2-Dipalmitoyl-sn-glycerol-3-

phosphocholine (DPPC) at the water/air interface has been investigated by means of a pool 

of surface sensitive techniques, in order to analyze the thermodynamic and rheological 

aspects of these mixed systems. The incorporation of carbonaceous particles to the lipid 

monolayers induces changes in the surface pressure - area isotherm, as revealed by the 

shifting to higher surface area of the maximum packing degree of the monolayer, and the 

decrease of the collapse pressure. These changes are strongly dependent on the DPPC:CB 

weight ratio at the interface and can be explained by the disruption of the monolayer 

structure due to the particle incorporation that provokes the modification of the cohesive 

interactions along the monolayer. Measurements of dilational viscoelasticity against 

frequency, at different degrees of monolayer compression, have been performed by means 

of the Oscillatory Barrier method. The rheological response of the monolayer is only 

slightly affected by the presence of CB, even if a modification of the quasi – equilibrium 

dilational elasticity, as well as of the frequency dependence of the viscoelastic modulus, is 

appreciable increasing the particle concentration. Being DPPC the major component of 

many systems with biological interest (cell membranes, lung surfactant), the results 

obtained here are expected to contribute to the understanding of the carbon particle 

interaction with biological relevant systems.  

Keywords: Lipids, Nanoparticles, Langmuir monolayers, Interfacial rheology, Toxicity 
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1. Introduction 

The presence of carbon-based particles in the environment has undergone an important 

growth in the last years, being the combustion processes of fossil fuels in industries, power 

plants and vehicles the most important sources of these particulate materials.1,2,3 Recently, 

the wide spread of nanoparticles is also increasing due to the industrial production of 

nanostructured materials and, among that carbon based nanomaterials.4,5,6,7,8 This has 

driven the development of specific research activities focused on the evaluation of the 

environmental impact of nanoparticles and their potential risk for health.9,10,11,12,13 

Several studies are available in literature dealing with the interaction of nano-sized 

particles of different nature and features with biologically relevant systems, such as lung 

surfactant and biomembranes.14,15,16,17,18,19,20,21 Biological relevant interfaces usually 

present complex supramolecular structures and consist on mixed layers of lipids and 

proteins,22 whose principal constituent is the saturated lipid 1,2-Dipalmitoyl-sn-glycerol-3-

phosphocholine (DPPC).23,24,25,26

Langmuir monolayers of appropriate lipid based mixtures are well-accepted models to 

investigate the surface properties of biological systems, such as cell membrane and lung 

surfactants.27,28,29,30,31 For this reason, investigating the mechanisms of interaction of 

nanoparticles with these monolayers and the change induced on the behavior and structure 

of these latest is relevant to understand the potential adverse effects of these materials.  

Moreover, it is well established that the interaction of nanoparticles with adsorbed or 

spread surfactant layers, and their eventual incorporation, may significantly affect the 

mechanical surface properties of the system, i.e. the interfacial tension and surface 

rheology. This has been shown in several physical chemistry based studies on 

nanoparticles of different nature,32,33,34 and, in particular, on carbonaceous particles.35,36

The present work focuses on the effects of carbon nanoparticles on the mechanical and 

structural properties of a DPPC monolayer. DPPC is probably the most studied lipid in the 

literature, both from the thermodynamic37,38,39 and the rheological points of view.40,41  This 

great importance is associated with its ability to form monolayers that can reach very low 

values of surface tensions, due to the formation of condensed phases at physiological 

temperatures,41,42,43 which is of great importance for the correct physiological functionality 

of many organs, tissues and fluids.27,44
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In recent years, some studies have been already carried out on the effect of carbonaceous 

nanoparticles on the equilibrium properties of lipid monolayers,45,46,47,48,49 evidencing the 

role of the composition and surface nature of the particles. 

Aim of this work is to better understand the effect of Carbon Black (CB) particles on the 

structure and rheological properties of DPPC Langmuir monolayers. Complementary 

experimental methods have been used such as those utilizing the Langmuir trough, to 

obtain the compression isotherms and the dilational elasticity of the layers by oscillatory 

barriers experiments, and the Brewster Angle Microscopy (BAM) to assess the micro 

structure of the mixed layers during compression. By the combination of these techniques, 

it has been possible to correlate the effects induced by carbon nanoparticles on the 

equilibrium and dynamic mechanical properties of the DPPC monolayers, with the 

modification of their structural features. 

2. Materials and Methods 

2.1. Materials 

1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) was purchased from Sigma 

(Germany) at 99 % purity and used without further purification. The molecular weight of 

this lipid is 734.1 g/mol. For the spreading, DPPC was dissolved in chloroform for HPLC 

from Sigma (Germany).  

Carbon Black (CB) used in this work is a commercial sample purchased from Phillips 

Petroleum Co, whose characterization was performed in a previous work.50 As evidenced 

by TEM and AFM analysis CB is composed by chain-like aggregates of spherical primary 

particles, with average size of 15-29 nm and hydrodynamic diameter of the aggregates of 

120 ± 20 nm by DLS. Carbon Black has a density of 1.8 g/cm3, at 25°C, and the BET 

specific area of the powder is 51 m2/g. Being CB nanoparticles hydrophobic, they can be 

spread on the water surface from dispersions in chloroform.  

Water for all the reported measurements was deionized and purified by a multi-cartridge 

system (Elix plus Milli-Q, Millipore) which provides a resistivity greater than 18 MΩ·cm 

and a surface tension of 72.5 mN/m without any appreciable kinetics over several hours.  
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2.2.Methods 

The experiments reported in this study have been performed using a Langmuir trough 

(KSV minithrough, Finland) equipped with two Delrin® barriers allowing for symmetric 

compression / expansion of the free liquid surface. The total surface area of the Teflon 

trough is 243 cm2. The surface tension, �, was measured through a paper Willhelmy plate 

(Whatman CHR1 chromatography paper, effective perimeter 20.6 mm, supplied by KSV), 

ensuring a zero-angle contact angle. Surface pressure, �, is then obtained as the difference 

between the surface pressure of the pure water �w and �, i.e. � = �w - �. 

The lipid monolayers are spread on the aqueous sub-phase contained in the Langmuir 

trough by dropping controlled volumes of DPPC in a chloroform solutions at a 

concentration of 1 g/L (1.36 mM)  by a high precision Hamilton syringe. In this way, it is 

possible to obtain a controlled surface concentration of DPPC, Γ0, after the evaporation of 

the solvent. For all the experiments here reported �0 was about 1.68 10-10 moles/cm2,

corresponding to an area per molecule of about 98 Å2. To prepare the mixed monolayers, 

the given amounts of CB particles were spread onto the previously spread DPPC 

monolayers, using again Chloroform as spreading solvent. This procedure allows achieving 

the desired DPPC:CB weight ratio at the interface.  

For the determination of the compression isotherm, the surface pressure was typically 

measured while reducing the free area, A, of the monolayer at constant rate. For the 

experiments here presented the compression rate used was 2 cm2/min in order to avoid any 

undesired non-equilibrium effects in the determination of the isotherms. 51 Compression is 

started after one hour from the solution/dispersion deposition. This time was checked to be 

enough to ensure the complete evaporation of the solvent and, in the presence of 

nanoparticle, the achievement of the equilibrium state for the composite layer. 

The Langmuir trough is coupled with a Brewster Angle Microscope (BAM), Multiskop, 

Optrel (Germany), providing the in-situ image acquisition of the layer at different 

compression state. 

To investigate the rheological response of these monolayers at different compression 

degree, the Langmuir trough was used according to the Oscillatory Barrier which provides 

the measurement of the dilational viscoelasticity in a frequency range of 1-200 mHz. This 

method is extensively described elsewhere32,52,53 and its appropriateness for the rheological 
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characterization of lipid – nanoparticles mixed systems has been pointed out in our 

previous studies.45,54,55 For all the dilational viscoelasticity measurements reported in this 

work, the amplitude of the area deformation was �u = 0.01 which, as checked by 

appropriate surface  pressure measurement, ensures the linearity of the layer response. 

For all the experiments the temperature was controlled at a value of 22.0 ± 0.1 °C. 

3. Results and Discussion 

A preliminary study on the effect of CB particle on the pure water/ air interfaces has been 

performed using Langmuir trough, measuring the surface pressure during the compression 

of the surface laden by CB particles alone at initial concentration of 1.2 �g/cm2. 

The results reported in Figure 1 show that surface tension of the layer obtained in this way 

is not appreciably different from that of pure water, unless the particle layer reaches a 

highly packed state, that is at CB surface concentration of 3 �g/cm2. Reducing further the 

free surface to overcome this critical concentration, the surface pressure starts to steeply 

increase meaning that the layer is approaching the total coverage of the water surface as 

evidenced by the BAM images in Figure 1b. 

Insert Figure 1 

Figure 1: Compression Surface Pressure – Area isotherm, obtained by the Langmuir 

trough after the deposition of 0.29 mg of CB particles on pure water (a) and BAM images 

(size = 311 �m x 418 �m) at different values of surface pressure (b). 

When CB particles are spread on DPPC monolayers significant effects on the surface 

pressure – area isotherms are observed, as described in next session. Such effects are 

essentially driven by the interaction between the CB particles with the hydrophobic tails of 

DPPC molecules.  

As concerns the preparation of the mixed DPPC-CB monolayer, it is important to underline 

that the spreading of DPPC is firstly executed at the pure water/air interface and the CB is 

spread after, on the preformed DPPC monolayer. Unlike other works presented in 
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literature, where the nanoparticle-lipid mixed layers are obtained by spreading a premixed 

dispersions,45,47 using this procedure, the interaction between particles and lipid molecules 

occurs only at the interface, that is a more significant scenario for the simulation of the NP 

effects on biological interfaces. 

3.1. Surface Pressure – Area Isotherms  

Figure 1a reports the compression isotherms for the mixed monolayers of DPPC and CB 

with different weight ratio between the components. These isotherms are important in 

order to acquire information on the phase behaviour of mixed systems and to understand 

how particles alter those mechanical and structural characteristics of the DPPC monolayer, 

relevant for the functionality of the biological lipid layers. The isotherm of pure DPPC, 

also shown in Figure 2, is in agreement with those previously reported in 

literature.37,38,56,57,58,59

Insert Figure 2 

Figure 2. (a) П-A/A0 isotherms of Langmuir monolayer for mixture of DPPC and CB at 

different weight ratio (a) and dependence on the CB weight fraction, xCB, of A/A0 at given 

surface pressure (a), of the collapse pressure, Пc, (c) and of (A/A0)lim (d).

The incorporation of CB particles does not modify substantially the qualitative feature of 

the compression isotherms of the monolayer which, independently of the CB weight 

fraction, xCB, show the typical shape found for pure DPPC monolayers with a plateau at 

surface pressures of about 7.5 mN/m, corresponding to the coexistence of the two liquid-

expanded (LE) and liquid-condensed (LC) phases. A noticeable effect is instead observed 

on the collapse pressure, Пc, which tends to decrease with xCB increasing (see Figure 2c). 

Furthermore, the incorporation of CB to the lipid monolayer shifts the isotherm to higher 

areas per DPPC molecule, being this shifting strongly dependent on the amount of CB at 

the interface (see Figure 2b). 

From these results, it is possible to assume the existence of two different regimes for the 

effect on the phase behaviour of DPPC monolayers, dependent on two CB concentration 

regions. For xCB lower than a certain limit value lim

CBx  ( lim

CBx ~0.2), the increase of xCB
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provokes the shifting to higher areas per molecules of the phase behaviour. This may be 

explained considering that the introduction of CB determines the increase of the interfacial 

concentration, leading to an earlier lifting-off of the LE phase of the isotherm in 

comparison to the pure system. Thus, the presence of nanoparticles induces a faster 

advancement of the isotherm. This allows considering that the nanoparticles take up part of 

the area available but there are no important interactions between the nanoparticles and 

DPPC, at least until high degrees of compression of the monolayers. This latter is 

evidenced from the decrease on Пc. However, increasing the weight fraction of CB beyond 

a limit value, lim

CBx , the shift from the pure DPPC monolayer isotherm tends to be reduced 

as evidenced more clearly in Figure 1b reporting the area dependence on xCB at fixed П-

states. This can be explained considering that the deposition of CB takes place onto 

preformed DPPC monolayers and, above a certain amount of CB nanoparticles, the 

available interfacial area could be not sufficient for a monolayer distribution. Thus, it is 

possible that stacks of nanoparticles grow onto the preformed mixed film leading to the 

formation of folds toward the aqueous subphase in a similar way than that proposed by Lin 

et al.60 for PAMAM dendrimers - DPPC systems. This folding of the interfacial layer 

increases the available area per DPPC molecule. 

The qualitative similar behaviour found for the isotherms independently of xCB can be 

related to the weak hydrophobic interactions between carbon particles and DPPC 

molecules, which assume an important role only after the mixed layer has reached a high 

packing density. This is confirmed by the BAM images (Figure 3) obtained in the region of 

the coexistence plateau where the nucleation and growth of the typical DPPC 

microdomains around the CB aggregates is observed, independently of the xCB. 

Insert Figure 3 

Figure 3. BAM images sequences (images size = 311 �m x 418 �m) obtained at П=7.5 

mN/m, states for mixed monolayers of DPPC and CB with different DPPC:CB weight 

ratio. 

The micro-domains observed for the mixed DPPC – CB monolayers in the region of the 

phase coexistence present similar bean-like shape to those observed for pure DPPC28,41,56
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and their sizes are not strongly modified by the presence of particles. This can be 

considered a further confirmation of the low influence of the hydrophobic interactions in 

the local packing of the DPPC molecules. This scenario is different from that found for 

DPPC with hydrophilic silica nanoparticles where the presence of charged particles in the 

sublayer, changing the electrostatic environment, affects the shape and dimensions of the 

domains, modifying the line tension and the hydrophobic mismatch.61,62 For the highest 

surface pressure, the monolayers are quasi-homogeneous films with some dispersed carbon 

aggregates. Comparing these last images with those obtained for pure CB monolayer 

(Figure 1b), which present massive aggregates of carbonaceous nanoparticles during the 

whole phase behaviour, one can say that the interaction with the lipid molecules enhances 

the CB particle dispersion at the air/water interface.  

Another important effect associated with the incorporation the CB to the lipid monolayer is 

the decrease of the collapse pressure, Пc (see Figure 1c). This is ascribable to the lateral 

hydrophobic cohesive interactions, occurring along the monolayer at high degree of 

compression. Thus, it can be expected the existence of strong cohesive interactions 

between the molecules, when pure DPPC monolayers are considered, that allow forming 

highly condensed DPPC monolayers with high values of Пc. However, the incorporation of 

CB weakens the cohesive interactions between the DPPC molecules due to their 

inhomogeneous morphology. In other words, the presence of particles induces a certain 

steric hindrance to the DPPC molecular cohesion in the monolayer and, consequently, 

reduces the packing at high interfacial concentration.  

In order to quantify the steric hindrance in the monolayer packing, an effective parameter 

is the area limit, (A/A0)lim, estimated by the extrapolation of the steepest, high pressure, 

linear part of the П – A/A0 curve to zero surface pressure. This quantity provides 

information about the maximum packing area of the monolayer before the collapse. In 

Figure 1d it is shown that the packing of the monolayers is reduced (increase of (A/A0)lim) 

by the incorporation of a small quantity of CB particles, in agreement with the reduction of 

the cohesion between the DPPC molecules. However, the further increase of xCB leads to a 

slightly decrease of (A/A0)lim. This can be explained by the stronger packing of the particle 

at the interface favoured by the many body interactions, which induces an enhancement of 

the CB particle packing. Even though, the average cohesion of the DPPC molecules always 

decreases with the increase of xCB.  
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3.2. Effect of xCB in the Interfacial Miscibility between DPPC and CB 

Further information on the interaction between DPPC and CB nanoparticles may be 

obtained recurring to simple considerations based on the thermodynamic of mixtures.63 For 

DPPC-CB particle mixtures, it is possible to define, at each value of the surface pressure, 

an ideal area of the monolayer per unit weight (or specific area), Aideal, i.e. 

CBCBDPPCDPPCideal AxAxA ��                                         (1) 

where ADPPC and ACB are the specific areas of the monolayers of pure DPPC and CB for the 

considered surface pressure, П, and xDPPC and xCB the weight fractions of DPPC and CB, 

respectively, in the mixed monolayers. The deviation of the mixed monolayer behaviour 

from that of the ideal mixture the can be evaluated through an excess area, Aex, defined as 

follows  

idealex AAA �� 12                                                             (2) 

where A12 is the real area of the mixed monolayer per unit weight measured for the given 

value of П.  

Notice that for the here studied solid particle – lipid mixture, it is more appropriate to treat 

the monolayer miscibility in terms of specific area instead of area per molecules as is 

usually done for multi-component surfactant monolayers.  

For the system studied here, Aex can be calculated using the data of the compression 

isotherms obtained for the mixed monolayers (Figure 2) to evaluate A12 and those 

measured for the pure CB particles and DPPC monolayers (Figures 1 and 2) to obtain ACB

and ADPPC, respectively. Figure 4 shows the calculated values of Aex as a function of xCB for 

different П values. 

Insert Figure 4 

Figure 4. Aex dependence on the xCB for different values of the surface pressures. 
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From the experimental results, it is possible to define two different regimes corresponding 

to positive and negative values of Aex. In the first one, a growing trend of Aex with xCB is 

found, pointing out the immiscibility between DPPC molecules and CB. This may be 

related to the low importance of the hydrophobic interactions between the nanoparticles 

and the lipids molecules, as was already discussed in previous section. In this region in 

fact, as evidenced by the shifting of the compression isotherm to higher areas without 

evident modification of the shape, the particles are expected to occupy the interfacial area 

without appreciably affecting the cohesion between DPPC and CB. However, the decrease 

of the value of Aex with the increase of П observed beyond lim

CBx , indicates a larger 

importance of the hydrophobic interactions between nanoparticles and lipid molecules, 

with the increasing of the CB density, which consequently enhances the cohesion in the 

monolayer. Such the global cohesion, however, is lower than that expected for a monolayer 

of pure DPPC. Increasing xCB beyond 0.5, we observe that Aex becomes negative. This 

means that the higher interfacial concentration of nanoparticles enhances the many-body 

interactions, resulting in the miscibility of the monolayer.64  

3.3. Compression – Expansion Cycle: Effect of the Nanoparticles on the Hysteresis 

To deepen the thermodynamic study of these mixed monolayers, their response to 

quasi-static compression – expansion cycles of the surface area have been investigated. 

This type of experiments allows for an evaluation of possible hysteresis related to the 

internal reorganization of the monolayer, formation of multilayers or expulsion of lipid 

molecules to the subphase and re-spreading processes. This is particularly important in the 

case of biological fluids, such as the pulmonary surfactant, because related to physiological 

response during the respiratory cycle.65 In the present study an hysteresis has been 

observed for all the investigated systems. This is related to a non-efficient re-spreading, 

during the expansion, into the interface of the material squeezed-out during the 

compression step.66 An example of a compression expansion cycle obtained for a mixed 

DPPC-CB layer is reported in Figure 4a. In practice, the value of the surface pressure 

achieved during compression, �compr, is in general higher than the corresponding one at the 

same value of the area during expansion, �exp and the difference, �compr-�exp, is higher at 

higher compression degree of the monolayer. This is related to the squeezing-out of 

material from the interface during the compression. The time for the re-entrance of this 

excluded material is longer than the time necessary for the re-expansion of the monolayer, 
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leading to a non-efficient re-spreading during the expansion cycle and this provokes an 

absence of matching of the compression and expansion, since the amount of material at the 

interface during expansion is always smaller than in the compression step. 

 For the evaluation of the hysteresis, it is useful to use the normalized hysteresis area, 

HAn, defined as 12,15
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where Amax and Amin are the maximum and minimum area of the compression-expansion 

cycle. In Figure 5b HAn is reported as a function of the composition of the monolayer.   

Insert Figure 5 

Figure 5. Example of hysteresis cycle obtained for the complete compression – expansion 

of the mixed DPPC-CB monolayers at xCB=0.04 (a) and calculated Normalised Hysteresis 

Area versus CB weight fraction.  

In agreement with the observed behavior for the phase diagram, the hysteresis of the 

compression – expansion cycles shows a strong dependence on the value of xCB. For xCB 

< lim

CBx , the hysteresis area increases with xCB. This may be ascribed to an inhomogeneous 

distribution of the components within the monolayer, which implies an important role of 

the bidimensional redistribution of the material on the equilibration. For xCB > lim

CBx , the 

higher cohesion of the molecules at the interface due to the higher interfacial 

concentration, allows one to consider negligible the bidimensional reorganization of the 

material within the monolayers during the re-equilibritation process. Furthermore, this 

stronger cohesion leads to a reduction of the amount of material squeezed-out from the 

interface and consequently of the hysteresis area. 

From these compression - expansion experiments, it is possible to conclude that the 

incorporation of particles on the monolayer affects significantly the dynamic of re-entrance 

of material during the re-expansion process. 
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3.4. Low Frequency Rheological Measurements 

From the � - A isotherms, it is possible to determine the dilational elasticity under quasi-

static compression of the surface area, �0. This is related to the elastic energy stored by the 

monolayer under compressions at constant rate, and provides information on the rigidity of 

the monolayer upon quasi-static dilation deformation. 67,68,69 For isothermal compression in 

the Langmuir trough, this quasi-equilibrium dilational elasticity can be written as  

TA
A �

�

�
�
�

�

	

�	

��                                           (4) 

and can be evaluated by the numerical derivative of the П - A isotherms. In Figure 6, �0

obtained for the different mixed monolayers here investigated is reported as a function of 

the surface pressure.  

Insert Figure 6 

Figure 6. (a) Quasi-equilibrium dilational elasticity calculated from � -A isotherms for the 

mixed monolayers with different values of xCB. (b) Dependence on xCB of the maximum 

value of ε0 for the LE and LC phases. 

For pure DPPC, the behavior of ε0 against the surface pressure presents two maxima. The 

small maximum at low surface pressure corresponds to the elasticity of the LE phase which 

is characterized by an intrinsic disorder. It is followed, during compression, by a minimum 

of quasi zero elasticity due to the LE-LC coexistence phase. The second maximum is 

observed at high surface pressures and presents values of elasticity higher than those of the 

LE phase. This is attributed to the formation of highly ordered LC phase. The coexistence 

region of DPPC monolayers presents a quasi-null value of elasticity which is typical of 

phase coexistences. 

As shown in Figure 5a, the incorporation of CB particles does not modify the qualitative 

feature of the elasticity. However, the maximum of the LC phase is observed for lower 

values of П with the increase of the xCB. This is due to the fact that the introduction of 

particles increases the total interfacial concentration (DPPC + particles). This leads to a 

prior packing of the monolayer (lower values of П) and to the subsequent shifting of ε0 to 
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lower values of surface pressure. Focusing in the values of the elasticity, when the LE 

phase is considered it is not observed any change in the values than can be a consequence 

of the intrinsic disorder of this phase due to the low importance of the van der Waals 

cohesive interaction between the lipid tails. On the other side, a strong decrease of the 

values of ε0 corresponding to the LC phase, is observed increasing xCB. This is related to 

the formation of composite layers where the cohesive van der Waals interactions between 

the lipid molecules are reduced. Note that, as discussed above, the increase on xCB makes 

increasingly important the cohesive interaction between particles and between particles and 

lipid molecules, but the average cohesion at the interfacial layer is weaken. 

In order to deepen the effect of the incorporation of CB particles in the DPPC monolayers, 

a study of the frequency dependence of the modulus of dilational viscoelasticity for the 

mixed layers has been performed using the oscillatory barrier method52,53 at different 

degree of compression of the monolayers. This kind of experiments allows the relaxation 

processes with characteristic frequencies within the investigated frequency range to be 

evidenced by fitting appropriate theoretical curves to the experimental data.70

The modulus of the dilational viscoelasticity, |E|, against frequency obtained for DPPC-CB 

monolayers with different xCB, for different values of the reference П, are reported in 

Figures 7. Notice that the rate of the surface deformation, du/dt= (dA/dt)/A, for the quasi-

static experiments discussed above is of the order of 10-5 Hz, for all the investigated 

systems. This rate can be identified with the area perturbation frequency and these �0 data 

associated to that frequency. 

Insert Figure 7 

Figure 7. Modulus of the dilational viscoelasticity against frequency obtained by 

oscillatory barrier experiments for mixed monolayers with different values of xCB, at 

different values of surface pressure, corresponding to different aggregation states. (a) xCB = 

0. (b) xCB = 0.09. (c) xCB = 0.33. (d) xCB = 0.75. Lines represent the best fit theoretical 

curves according to eq. (5).

The results show a dependence of the modulus of the dilational viscoelasticity on the 

deformation frequency that is well described using a theoretical expression corresponding 
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to the case of one dynamic relaxation process occurring within the insoluble interfacial 

layer, 54,70
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where �1= �1/�  and �1 are referred to the characteristic frequency of the process. The best 

fitting curves to Eq. (5) for the different monolayers are reported in Figures 7. Figure 8 

shows the parameters obtained from the modelling of the experimental data to the Eq. (5). 

As general trend, the introduction of nanoparticles modifies the elasticity limits, E0 and E1, 

and the characteristic frequency of the dynamic process. However, no evidence of 

additional relaxation processes induced by the introduction of particles was found. 

Insert Figure 8 

Figure 8. Parameters obtained from the fitting of the rheological experiments of Figure 6 

according to eq.(5). The different symbols indicate different values of xCB: (●) xCB = 0. (○) 

xCB = 0.09. (▼) xCB = 0.33. (Δ) xCB = 0.75.

The incorporation of CB to DPPC monolayers leads to the appearance of a relaxation 

process with ν1 ~ 10-2 - 10-3 Hz for П ~ 3 mN/m. This process was not observed in the 

absence of particles, at least in the analyzed frequency range, and may be ascribed to 

rearrangements of the nanoparticles along the interface. When the compression degree of 

the monolayers increases (П ~ 6 and 7.5 mN/m), a kinetic process with ν1 ~ 10-3 - 10-4 Hz is 

observed independently of the presence or absence of particles at the interface. This is 

related to the nucleation of LC domains in the LE matrix. The origin of this process is the 

dynamic exchange of material between the LC phase and the LE matrix. Increasing П, 

dynamics processes with ν1 ~ 10-4 Hz are presented in the whole phase diagram, both for 

the pure DPPC monolayer and for the mixed monolayer. These relaxations may be related 

to general rearrangements of the DPPC domains, being attributed in the mixed monolayers 

to more complex rearrangements, involving the CB particles and the lipid molecules. 

The study of the dilational response of DPPC:CB mixed monolayers points out that the 

introduction of CB only slightly affects the rheological behaviour in the linear regime, 
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even though differences are observed in the characteristic frequencies of the surface 

processes. This can be explained considering that the incorporation of CB, as well-

distributed inclusions within the monolayer, only modified locally the local structure of 

DPPC monolayers, Thus, the average rheological response of the monolayer against a 

small area perturbation does not change significantly due to the local presence of carbon 

aggregates within the monolayer. Additionally, the evaluation of the dependence of E0 and 

E1 on xCB for fixed values of П confirms that the introduction of CB slightly reduces the П

of transition between the different phases, evidencing that the CB particles take up part of 

the interfacial area and induce a prior packing of the monolayer.  

4. Conclusions 

In this work, the effect of the incorporation of CB nanoparticles on the behaviour of DPPC 

monolayers has been investigated, focusing both on the equilibrium and dynamic aspects. 

The coupling of the Langmuir trough technique with BAM has allowed evaluating the 

impact of carbon particles on the phase behavior, both from the thermodynamic and 

structural point of view, and the rheological properties of the lipid monolayers.  

From the results here obtained one can conclude that carbon particles appreciably affect 

the properties of DPPC monolayers. These modifications are essentially driven by the 

interaction between the particles and the hydrophobic tails of the lipid molecules at the 

interface which can lead to the disruption of the interfacial structure and, consequently, to a 

modification of the equilibration mechanisms within the monolayer. 

The particles may have multiple effects. Besides an increase of the structural disorder of 

the monolayer a modification of the available free water-air interface is observed for the 

lipids, together with a possible impoverishment of the surface amount of lipid molecules 

due to the folding of the interfacial layer. These phenomena have important consequences 

on the system behavior, as it has been quantitatively shown by measuring the П – A 

isotherms during compression-expansion cycles, the quasi-equilibrium dilational elasticity 

and the dynamic behavior. The variation of the properties is strictly dependent on the 

added amount of particles, as pointed out by the definition of different regions of behavior 

for the mixed monolayers. 
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Concluding, even if the DPPC here used is a rather rough model of real biomembranes and 

biofluids, some information on the possible mechanisms of modification can be applicable 

to the real biological relevant systems. For this reason, the results contained in this work, 

are expected to contribute to the understanding, on a more fundamental basis, of the 

potential toxicological effects of the particulate materials. 

Additionally, the observed effects could be utilized as criteria to discriminate potential 

adverse effects of particles on the physiological function of these systems. 
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a)                                                                             b) 

Figure 1: Compression Surface Pressure – Area isotherm, obtained by the Langmuir 

trough after the deposition of 0.29 mg  of CB particles on pure water (a) and BAM images 

(size = 311 �m x 418 �m) at different values of surface pressure (b).  
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Figure 2. (a) П-A/A0 isotherms of Langmuir monolayer for mixture of DPPC and CB at 

different weight ratio (a) and dependence on the CB weight fraction, xCB, of A/A0 at given 

surface pressure (a), of the collapse pressure, Пc, (c) and of (A/A0)lim (d).
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Figure 3. BAM images (size = 311 �m x 418 �m) obtained at П=7.5 mN/m, for mixed 

DPPC-CB monolayers with different DPPC:CB weight ratio. 
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Figure 4. Aex dependence on the xCB for different values of the surface pressures. 
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Figure 5. Example of hysteresis cycle obtained for the complete compression – expansion 

of the mixed DPPC-CB monolayers at xCB=0.04 (a) and calculated Normalised Hysteresis 

Area versus CB weight fraction. 
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Figure 6. (a) Quasi-equilibrium dilational elasticity calculated from � -A isotherms for the 

mixed monolayers with different values of xCB. (b) Dependence on xCB of the maximum 

value of ε0 for the LE and LC phases. 
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Figure 7. Modulus of the dilational viscoelasticity against frequency obtained by 

oscillatory barrier experiments for mixed monolayers with different values of xCB, at 

different values of surface pressure, corresponding to different aggregation states. (a) xCB = 

0. (b) xCB = 0.09. (c) xCB = 0.33. (d) xCB = 0.75. Lines represent the best fit theoretical 

curves according to eq. (5).
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Figure 8. Parameters obtained from the fitting of the rheological experiments of Figure 6 

according to eq.(5). The different symbols indicate different values of xCB: (●) xCB = 0. (○) 

xCB = 0.09. (▼) xCB = 0.33. (Δ) xCB = 0.75.
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