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Abstract  

The adsorption of intact liposome on surfaces is of great importance for the 

development of sensors and drug delivery systems and, also, strongly dependent of 

surface roughness where liposomes are adsorbed. In this article, we analyzed, by using 

atomic force microscopy (AFM) in liquid, the evolution of morphology of gold surfaces 

and of poly(allylamine hydrochloride) (PAH) surfaces with different roughness, during 

the adsorption of liposomes prepared with the synthetic phospholipid 1.2-dipalmitoyl-

sn-Glycero-3-[Phospho-rac-(1-glycerol)] (DPPG). Our results reveal that: i) on smooth 

surfaces of Au only or Au/PAH, the liposomes open and deployed on the substrate 

creating a supported-lipid bilayer being the opening process faster on the latter surface; 

and 2) on rough substrates of Au coated with polyelectrolyte multilayers (PEM), the 

liposomes adsorbed intact on the surface, as corroborated by power spectral density 

analysis that demonstrates the presence superstructures with average lateral size of 43 

nm and 87 nm, in accordance with 2 and 4 times the mean liposome hydrodynamic 

diameter of about 21 nm. In addition, this work presents an adequate and effective 

methodology for analysis of adsorption phenomena of liposomes on rough surfaces. 
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Introduction 

The adsorption of intact liposomes onto solid surfaces is a subject of potential interest 

on the development of sensors and drug delivery systems prepared from encapsulated 

biological drug molecules and for studies regarding the interaction of radiation with 

biological molecules on an environment close to that of living cells. Although this issue 
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has been analyzed since the end of the last century [1 and references therein], the 

adsorption of liposomes on surfaces continues to be challenging.  

One of the most suitable characterization technique to study adsorption phenomena in 

situ at the solid/liquid interface is atomic force microscopy (AFM) since this technique 

makes it possibly to study of the adsorption kinetics of molecules or aggregates of 

molecules on a surface. However, one must be careful when using traditional AFM, as 

the scan rate requested for capturing instants spaced apart in time of few minutes only 

must be very high, of the order of several hertz.  Moreover, both the fast AFM data 

acquisition in liquid is challenging and the analysis of topographic data requires 

advanced mathematical tools and related expertise to describe and interpret the observed 

structures. Fortunately, in opposition to these difficulties, fractal analysis has the 

capacity to extract much information from the measured morphology and is a useful 

approach to describe the characteristic surfaces of thin films [2]. Here, it should be 

referred that not only grown structures such as deposited nanoparticles or constituents 

of films are fractal, but also engineered surfaces produced by subtractive methods may 

be, such as e.g., those resulting from air abrasion [3]. Because particle deposition is a 

far-from-equilibrium process, the growth of an interface can be characterized 

quantitatively using different growth models which can explain the observed 

morphology. The complexity of thin film morphology and the growth process at an 

interface is mainly governed by the interaction of deposition, desorption and surface 

diffusion of the atoms or molecules when arriving on the surface [4]. It is now believed 

that most particle aggregates in nature and engineered systems are fractal in their 

morphological structure [5]. Thus, fractal theories have been used to provide a new 

quantitative method to describe particle aggregates structures in many water systems, 

e.g. fractal characterization of particles produced from wastewater treatment [6], 

bacterial and yeast aggregates from laboratory batch experiments and phytoplankton 

aggregates in a simulated oceanic system [7]. Therefore, the research in this field have 

proved that fractal geometry and scaling concepts can describe the morphology of a 

rough surface because its symmetry does not change at different scales. Recently, the 

application of fractal concepts to AFM topographic data of liposomes adsorbed ex situ 

onto solid surfaces allowed to determine scaling exponents and mean grain size values  

and conclude about growth regimes [8,9]. 

In this work was used tapping mode AFM in liquid to characterize the adsorption 

kinetics of 1.2-dipalmitoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)] (Sodium Salt) 

(DPPG) liposomes onto gold coated quartz crystal and poly(allylamine hydrochloride) 

(PAH) surfaces prepared by the layer-by-layer (LbL) technique [10]. The topographic 

data was interpreted considering the roughness amplitude parameters and  Power 

Spectral Density (PSD) analysis of the features, treated as self-affine structures. By 

applying a combination of three PSD models namely, the conventional, the fractal and 

the ABC or K-correlation, parameters as mean grain size and correlation lengths were 

estimated and fractal geometry growth regimes were analyzed.  
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Experimental Section 

Liposome Preparation 

Liposomes were prepared from synthetic DPPG phospholipids (744.96 gmol-1) (see 

chemical structure in Figure 1a), by dissolving the phospholipid powder, supplied by 

Avanti Polar Lipids (Alabaster, AL), in methanol:chloroform 2:8 vol:vol mixture. After 

solvent evaporation using a gentle stream of nitrogen, the lipid film was hydrated for 2 

h in ultrapure water with a resistivity of 18.2 MΩ·cm and pH~5.7, obtained from Milli-

Q water system (Millipore GmbH, Billerica, MA). The liposome suspension was then 

sonicated in an ice bath by an ultrasonic processor UP50H (Dr. Hielscher GmbH, 

Germany) for 30 s at 30 kHz of working frequency and a power of 50 W. This 

procedure was repeated 15 times with one-minute delay between cycles. In order to 

avoid the presence of titanium debris from the ultrasonicator probe, the DPPG 

suspensions with monomeric concentrations of 1.47 mM and 5mM were carefully 

withdrawn with a syringe and stored at 6C. The fact that DPPG liposomes are 

negatively charged at pH~5.7 allows its use in the assembly of LbL films.  

 

a) 

 

 

 

b) c) d) 

 

         

Figure 1. Chemical structures of (a) DPPG, (b) PAH, (c) PSS and (d) PEI. 

 

Cushion preparation 

Polyelectrolyte multilayer cushions were prepared using the LbL technique from 

aqueous solutions, with a monomeric concentration of 10 mM, of PAH (50,000–65,000 

gmol−1), poly(sodium 4-styrenesulfonate) (PSS) (70,000 gmol−1) and 

poly(ethyleneimine) (PEI) (60,000 gmol−1) supplied by Sigma-Aldrich (St. Louis, MO 

(see molecular structures in figure 1 b), c) and d)). Under these conditions, PAH and 
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PEI are positively charged while PSS is negatively charged. All chemicals were used as 

received and solutions were prepared using ultrapure water. These polyelectrolytes, 

chosen due to their well-known assembly characteristics, namely growth features and 

adsorption kinetics [8,11], were adsorbed sequentially via LbL technique onto gold 

coated quartz crystals sensor available directly from Stanford Research Systems, U.K.. 

These crystals consists of thin disks (or wafers) of α-quartz with circular electrodes 

patterned on both sides coated with a layer of gold upon a chromium layer. In 

conditions of resonance, these crystals present a resonance frequency near 5 MHz. The 

gold quartz crystal wafers were pre-treated in a 3:1 mixture of sulfuric acid and 

hydrogen peroxide, "piranha solution", during 5 min at room temperature, and then 

sequentially washed in ultrapure water, ethanol, ultrapure water again and dried under a 

soft nitrogen flow. Afterwards, the substrates received an UV/Ozone treatment during 

one hour, followed by washing with ultrapure water and dried with nitrogen stream. 

 

Preparation of Au/PAH and Au/PEI/(PSS/PAH)4 (here also designated by 

polyelectrolyte multilayers (PEM)) surfaces was performed ex situ. In the first case, the 

Au-quartz crystal resonator was dipped in a PAH solution for 3 min, followed by a 

washing process with ultra-pure water. The Au/PEI/(PSS/PAH)4 films were prepared 

using the same immersion time for each polyelectrolyte solution which were 

sequentially adsorbed until reach the desired number of layers.  In this case, NaCl salt 

concentration of PAH and PSS solutions was 1 M. Finally, the polymers-supported 

surfaces were dried at room temperature. 

 

 

Surface Characterization 

 

Surface morphologies of Au-quartz crystal, polymers-supported surfaces and DPPG 

liposomes, were investigated by in situ AFM measurements, i.e., with the sample 

immersed in ultra-pure water using a liquid cell. Au and polymers-supported surfaces 

were initially covered with 40 μL of ultra-pure water followed by the injection of 60 μL 

of DPPG vesicular suspension. In situ AFM analysis scanned area were performed at 

room temperature using a Multimode Nanoscope IIIa Microscope (Digital Instruments, 

Veeco). Topographic images of 2 × 2 μm2 with 512 × 512 pixels were taken with a scan 

rate of ca. 2 Hz in tapping mode; the use of an oscillating tip significantly reduces the 

force applied to the surface during the scanning as compared to the measurements 

carried out in contact mode [12], since the cantilever only touches the surface once per 

oscillation cycle closest to the lowest vertical position i.e. for a small portion of the total 

time. Images were recorded on height and phase modes. Before each experiment, the 

glass block holding the cantilever was rinsed several times with water and ethanol.  The 
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probes used were made of silicon nitride (NPS, Veeco), with cantilever spring constant 

of approx. 0.58 N/m and resonance frequency in liquid of approx. 9 kHz. 

 

Quantification of Adsorbed DPPG  

 

The adsorbed amount of a DPPG layer assembled onto PAH was monitored in situ via 

quartz crystal microbalance (QCM), QCM 200, from Standford Research Systems, U.K. 

using the Stationary Vertical Closed (SVC) experimental configuration, detailed in ref. 

[13]. Prior to QCM measurements, the Au-quartz crystal/PAH and Au-quartz 

crystal/PEI(PSS/PAH)4 were plugged in the crystal holder and the liquid cell attached to 

it, which has a capacity volume of 6 mL. In order to perform an operation in liquids, 

after the ultra-pure water injection in the QCM cell with the crystal/PAH plugged, the 

capacitance cancellation was carried out. Then 2.5 mL of DPPG suspension was 

injected into the cell to attain 1.47 mM as final concentration. The frequency shift was 

recorded during 70 min. The frequency shift measured by the QCM was converted into 

adsorbed amount per unit area using the Sauerbrey equation [14]: 

 

                                                       ΔF= -C f× Δm [Hz]                                           (1) 

 

where ΔF is the change in resonant frequency, Δm the mass change on the electrode 

surface and Cf is the mass-sensitivity constant (56.6 Hz μg-1 cm2). All QCM 

measurements were carried out at 20°C with a fundamental frequency of 5 MHz.  

 

Results and Discussion 

Analysis of amplitude parameters of AFM Topographic Images 

Topographic images of DPPG liposomes deposited onto Au, Au/PAH and 

Au/PEI/(PSS/PAH)4 surfaces are shown in figure 2, before the injection of the DPPG 

liposomes suspension in the AFM liquid cell and for longer adsorption periods. The 

time t=0 min corresponds to the instant before the injection of the DPPG liposomes 

suspension into the AFM liquid cell. Table I shows the one-dimensional height 

statistical parameters, namely, the root-mean-square roughness (Sq), estimated from the 

topographic images obtained for the different periods of time of adsorption. 
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a) Au at 0s b) Au/DPPG at 120 min 

  

c) Au/PAH at 0 s d)Au/PAH/DPPG at 60 min 

  

e) Au/PEI/(PSS/PAH)4 at 0 s f)Au/PEI/(PSS/PAH)4/DPPG at 60 min 

 

Figure 2. AFM in situ images of heights with 2x2 µm2 , of DPPG suspension with 1 

mM of concentration deposited on: a) Au surface at 0 s; b) Au/DPPG surface at 120 

min; c) Au/PAH surface at 0 s; d) Au/PAH/DPPG surface at 60 min; e) 

Au/PEI/(PSS/PAH)4 surface at 0 s; and e) Au/PEI/(PSS/PAH)4/DPPG surfaces at 60 

min. Measurements were performed in water at room temperature. 
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Table I: AFM 1D Statistical parameters calculated from topographic images with 

22m2 areas of Au, Au/PAH and Au/PEI(PSS/PAH)4 surfaces (t=0 s) and DPPG 

deposition at t = 3, 5,10, 60 and 120 min. 

DPPG 

Time 

adsorption 

(min) 

Sq 

(nm) 

Height distribution Gaussian fit parameters 

P1 

(nm) 

W1 

(nm) 
A1 

P2 

(nm) 

W2 

(nm) 
A2 

Au        
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0 1.5±0.3 7.064±0.006 3.42±0.01 0.981±0.004    

3 2.7±0.6 16.79±0.01 5.13±0.02 0.959±0.005    

5 2.3±0.3 13.410±0.007 4.45±0.02 0.970±0.003    

10 2.3±0.3 10.596±0.008 4.53±0.02 0.977±0.004    

120 1.9±0.2 7.984±0.008 3.61±0.02 0.973±0.005    

Au/PAH        

0 1.6±0.2 6.478±0.007 3.23±0.01 0.984±0.004    

3 1.9±0.6 6.284±0.009 3.45±0.02 0.963±0.006    

5 2.0±0.8 5.813±0.009 3.66±0.02 0.967±0.005    

10 2.8±2* 6.433±0.008 4.06±0.02 0.958±0.004    

60 2.1±0.8 6.357±0.007 3.89±0.02 0.988±0.004    

Au/PEM*        

0 8±3 17.7±0.2 10.4±0.6 0.6±0.1 26±3 17±2 0.3±0.1 

60 7±2 20.6±0.2 10.9±0.2 0.88±0.06 33±3 16±4 0.15±0.06 
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Sq – root-mean-square roughness; P1 – peak 1 position; W1 – width peak 1; A1 – area 

peak 1; P2 – peak 2 position; W2 – width peak 2; A2 – area peak 2. 

*PEM – polyelectrolyte multilayers of PEI(PSS/PAH)4 

 

 

Analyzing Sq values listed in table I, one can see that after the first 3 min of DPPG 

adsorption the Sq rises from 1.5±0.3 to 2.7±0.6 nm, decreasing to 2.3±0.3 nm two 

minutes later. Five minutes after DPPG injection, this parameter was preserved 

decreasing again, at t=120 min, to a value close to the gold surface. This Sq behavior 

suggests that at 3 min the anionic DPPG vesicles are closed. But, as time passes, they 

interact with the hydrophilic and oxidized gold surface, since the substrate had a 

specific treatment with UV/ozone during one hour [15]. Afterwards, vesicles start to 

open and deploy through the substrate creating a supported-lipid bilayer (SLB) as 

described by Israelachvilli and collaborators [16]. Thus, surface evolution for SLB 

development presents two regimes: i) initially, there is a surface roughness variation as 

a function of time; ii) then a stabilization stage of the surface roughness which 

corresponds to a saturation time (sometimes also designated as crossover time from 

point of fractal theory) is attained. 

The surface of the PAH layer adsorbed on gold (Au/PAH (t=0)) present a Sq value of 

1.6±0.2.The Sq calculate from topographic images measured, at 3 and 5 min after 

DPPG dispersion deposition are marginally higher than the PAH surface, being an 

evidence of liposomes disruption and subsequent formation of a phospholipid bilayer. 

At 10 min it is possible to observe an increment of Sq which presents a large error; this 

is due to the presence of some liposomes aggregates immobilized onto the cushion layer 

as already mentioned above. After one hour, Sq values decreased revealing liposome 

desorption or liposome breaking and fusion into a flat layer. Nevertheless, we must 

consider the preservation of the Sq values at 3 and 5 min. This Sq value is in accordance 

with adsorption studies of DPPG liposomes onto PAH [9] which revealed that kinetics 

is ruled by three processes: i) the first with a small characteristic time (  = 2.19 ± 0.02 

min) during which the liposomes adsorb onto the PAH surface and break releasing the 

water stored; ii) followed by a long characteristic time with approximately 23 min 

corresponding to the end of the diffusion-controlled process; iii) and after another 

characteristic time, ~60 min, associated to a minor fraction of phospholipid desorption 

from the surface.  

Generally, comparing Sq of the Au/DPPG and Au/PAH/DPPG surfaces, it is possible to 

realize that after DPPG injection, the Sq value is smaller in the case of Au/PAH/DPPG, 

representing a fast DPPG adsorption followed by vesicles disruption due to the 

electrostatic forces between both molecules. It is well known that at pH< 6 PAH is 

highly ionized [17,18] and, therefore, in water, the electrostatic interactions between 

NH3
+ and PO4

- groups of PAH and DPPG, respectively are strong. On the other hand, 
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interactions between the polar head groups of DPPG and the nonpolar PAH chains 

(hydrophobic interactions) might be weak. 

To better understand the processes that occur during liposomes adsorption, the DPPG 

adsorption kinetic curves onto the PAH surfaces and the Sq values, obtained from in 

situ imaging were plotted together, and are presented in Figure 3 a). After 70 min the 

DPPG adsorbed amount per unit area measured was 5±1 mg/m2 which corresponds to a 

planar DPPG bilayer [19,20].   

The height distribution curves, obtained by considering as zero the position of the lower 

depression the topographic images of Au/DPPG and Au/PAH/DPPG, at different DPPG 

adsorption times are shown in figures 3 b) and c), respectively. The parameters achieved 

by fitting the height distribution Gaussian curves are listed in table I. 

For the adsorption of DPPG vesicles onto the gold surface, the peak positions of the 

height Gaussian distributions at 0, 3 and 120 min are centered at 7.064±0.006 nm, 16.79 

±0.01 nm and 7.984±0.008 nm, respectively, assigned to the height of the Au surface, 

closed DPPG vesicles attached to the Au surface and to a supported-lipid bilayer (SLB), 

correspondingly. Thus, the height profiles revealed a substantial increase in the first 

three minutes of DPPG deposition, but afterwards decreasing to values close to the gold 

surface. Therefore, these height parameters are in accordance with the Sq values 

confirming the adsorption of closed DPPG liposomes onto the Au solid support in the 

first minutes, followed by vesicles break and scattering of the lipid bilayer on the 

surface. 

Concerning the DPPG adsorption onto PAH, the estimated height parameters obtained 

by fitting the Gaussian curves of figure 3 c) are listed in table I. Similar peak position 

values at different adsorption times, such as 0, 3, 5, 10 and 60 min, reveal that the 

DPPG phospholipid bilayer has already been formed at 3 min which is in accordance 

with the small characteristic time,  = 2.19±0.02 min, estimated by fitting the QCM 

kinetic curve of figure 3 a). The height residual peaks (that could not be fitted) with a 

range between 15-40 nm and presented in figure 3 c) are related to some DPPG vesicles 

that have attached onto the Au/PAH/DPPG surface. 
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a) 

  

b) 

 

c) 

Figure 3. a) DPPG adsorbed amount per unit of area measured by QCM (open circles) 

and Sq values (full squares) obtained from 22m2 topographic images of DPPG 

liposomes adsorbed onto PAH at 3, 5, 10, 30 and 60 min. b) Height distribution curves 

obtained by treatment of AFM topographic data in situ of Au and Au/DPPG films at 3, 

5, 10 and 120 min and c) Au/PAH and Au/PAH/DPPG at 3, 5, 10 and 60 min.  

 

Comparing the height amplitude parameters obtained from Au/PEI/(PSS/PAH)4 and 

Au/PEI/(PSS/PAH)4/DPPG topographic images, the Sq roughness slightly lower after 

DPPG adsorption. Furthermore, it can be detected a reduction of the mean peak-to-

valley roughness and a growth of the height peaks justified by the adhesion of closed 

vesicles onto PEM surface, as we can see by comparing PEM and PEM/DPPG profiles 

exhibited in figure 4 a).  Height distributions for both surfaces are accessible in figure 4 
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b) and the parameters obtained after fitting the Gaussian curves are displayed in table I. 

Both surfaces present two maximum values of height centered at 17.7±0.2 and 26±3 nm 

for Au/PEI/(PSS/PAH)4 and 20.6±0.2 and 33±3 nm for Au/PEI/(PSS/PAH)4/DPPG. 

Values in accordance with the measured value of 25±6 nm for the hydrodynamic 

diameter of DPPG liposomes. The largest area of the obtained fitted curves is the one 

centered at 20.6±0.2 nm proving that liposomes are adsorbed onto the PEM surface 

maintaining its own structure, i.e., being not flattened.  

  

a) 
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b) 

 

Figure 4. a) Au/PEI/(PSS/PAH)4 and Au/PEI/(PSS/PAH)4/DPPG height profiles with 2 

m of scan length obtained from the topographic images showed in figures 2 a) e c). b) 

Height distribution curves and respective Gaussian fitted curves obtained by treatment 

of AFM topographic data in situ of Au/PEI/(PSS/PAH)4 and 

Au/PEI/(PSS/PAH)4/DPPG. 

 

Fractal Analysis of AFM Topographic Images 

To characterize the surface topography of Au/DPPG, Au/PAH/DPPG and 

Au/PEI/(PSS/PAH)4/DPPG, one must rely on the amplitude parameters; however, they 

only provide vertical information. PSD analysis was used to study the kinetics behavior 

of DPPG liposomes deposited on Au solid support and Au/PAH polymer surface as a 

function of time. Figures 5 a), b) and c) show the one-dimensional PSD spectra of the 

AFM images collected at different periods of times of adsorption of DPPG liposomes 

on Au-quartz crystal, Au/PAH and Au/PEI/(PSS/PAH)4 surfaces. This one-dimensional 

spectral analysis provides a representative description of the overall surface roughness. 

All power spectra exhibit three distinct regions represented as parts I, II and III: (I) the 

plateau at low frequencies which is related to the height of the rough surface. This 

section has an absence of correlation (it does not change with the scale) and of 

characteristic length; (II) the region of the medium frequencies gives the correlation 

length, which defines the lateral extent of the rough surface, is strongly frequency 
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dependent and it represents the power-law decay; and (III) the region at high 

frequencies, PSD analysis de-convolutes the roughness as a function of surface lateral 

length scales, correlates the vertical amplitude with the spatial frequency of surface 

features and may also reveal the characteristics of the microstructure surface [21]. 

PSD spectra of figure 5 a) present a plateau at low spatial frequencies (region I) of  7 

107 m-1, revealing a nearly constant value for roughness and an absence of any 

characteristic length beyond ca. 15 nm. In this region, after 3 min of DPPG addition in 

the liquid AFM cell, the magnitude of PSD curves increases followed by a decrease 

after 5 min. When 120 min have elapsed, the magnitude at this region of spatial 

frequencies suffers a marginal reduction. The PSD spectra at region I complies with the 

roughness of the surface. The region II involves intermediate frequencies and 

characterizes the mechanism of the surface growth, where PSD is strongly frequency 

dependent. It also shows the surface self-affine behavior. Looking at this range of 

spatial frequencies, it is possible to observe that after 3 min of DPPG vesicles injection 

in the liquid cell, there is a decrease of the slope value of the PSD curve. However, in 

the following measurements (t= 5, 10 and 120 min) the slope of the PSDs spectra in this 

region increased progressively, until reach a value close to the initial. So, at 

intermediate frequencies the PSD spectra reveals two regimes, strongly frequency 

dependent, with a constant slope (sub-regions IIa and IIb), representative of a 

combination of two mechanisms that are involved in surface growth. In the subzone IIa, 

the surface evolution corresponds to an anomalous dynamic scaling, i.e., roughening 

and smoothing mechanisms cannot reach equilibrium and the local surface changes with 

time. The subregion IIb is attributed to the balance between random fluctuations and 

diffusion processes [22], so the local structure remains unchanged. The region III 

( 3108 m-1) relates to the highest frequencies of the spectrum. This spatial 

frequencies range is associated with physical dimensions of the AFM tip. Thus, the 

convolution of the tip and surface features happens and consequently, the PSD is highly 

affected by AFM tip artefacts and it was not considered to surface analysis [2,23]. 

PSD spectra in Figure 5 b) at low frequencies (  3 107 m-1) have showed large 

changes probably due to the presence of some aggregates of DPPG vesicles that have 

been attached on surface during liposome injection. Analyzing the first region of 

frequencies, we can detect a small increase of the PSD magnitude at 3 and 5 min, 

followed by an enhanced growth at 10 min revealing that some liposomes have 

aggregated. At a later stage (t=60 min) one can notice the typical behavior with the roll-

off corner related to vesicles disruption promoted by electrostatic interactions between 

the anionic DPPG vesicles and the cationic PAH surface, leading to a decay of the 

power law. However, at the region II the PSD spectra of PAH and PAH/DPPG are quite 

similar leading us to conclude that the formation of the lipid bilayer has occurred after 3 

min of DPPG liposomes injection. The region III ( 3108 m-1) was not considered to 

surface analysis. 
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a) 

   

b) 

I II III 

b a 

  

a 

III I 

 

II 

b 
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Figure 5. Evolution of the power spectra density of a) Au/DPPG, b) Au/PAH/DPPG and 

c) Au/PEI/(PSS/PAH)4  LbL films.  

The conventional mode to calculate the correlation length ( ) involves determining the 

transition spatial frequency (  of the intersection point between two fitted curves of 

two distinct regions of the PSD spectra. However, both PSD spectra (figures 5 a) and 

b)) showed that this medium-frequencies region is governed by two growth regimes 

which must be treated individually. The transition frequencies, marked with arrows in 

figures 5 a) and b), correspond to correlation lengths that define transitions between 

physical processes responsible for surface development. The first correlation length 

(  is defined by the inverse of the transition frequency (  between the high-

frequency and the self-affine intermediate frequency regions (transition between 

subregions IIa and IIb) and the second correlation length (  by the inverse of  among 

the low-frequency random roughness plateau and the intermediate-frequency self-affine 

region (transition between the section I and the subregion IIb). The first (  and 

second (  correlation lengths of the PSD spectra for DPPG adsorption onto Au and 

PAH at different adsorption times were calculated and are listed in table II.  

I II III 

b a 
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Table II: AFM Fractal analysis parameters calculated from topographic data of Au, Au/PAH and Au/PEI(PSS/PAH)4 surfaces (t=0) and DPPG 

deposition at t = 3, 5, 10, 60 and 120 min. Scaling exponents ( ) acquired from the subregions a and b and the correlation lengths ( ) attained for 

the transition of the ab and bI zones of the PSD curves of figure 5 a), b) and c). Spectral index ( ) obtained by fitting the PSD curves of figure 5 

and the respective fractal dimension calculated using the equation 4. PSDABC model parameters given by equation 5 applied to the region II of the 

PSD curves of Figure 5. Superstructure contribution components (PSDsh) given by equation 6. Parameter describes the mean size of 

aggregates (superstructures). The correlation coefficient (CC) values were obtained from the fit of experimental data. 

 

 Scaling exponents correlation lengths PSDfractal  model PSDABC  model PSDsh model 

DPPG 

Time 

adsorption 

(min) 

  
 

(nm) 
 

(nm) 
  DF 

A 

(nm3) 

B 

(nm) 

 

C 

 

CC  
(m-1) 

 
(nm) 

Au             

0 1.05 2.26 8.6 13.3 4.00±0.08 0±0.04 19.7±0.4 6.8±0.2 6.6±0.3 0.9846   

3 0.3425 0.943 5.9 13.3 1.16±0.05 1.42±0.03 46±2 17±2** 2.2±0.3 0.9864   

5 0.678 1.043 5.3 12.7 1.64±0.03 1.18±0.02 36.8±0.8 11±1 4.1±0.6 0.9940   

10 1.0848 1.346 6.5 12.7 2.39±0.03 0.80±0.02 46.1±0.9 11±1 4.9±0.1 0.9959   

120 0.7183 1.6723 6.8 13.8 2.48±0.06 0.76±0.03 25.5±0.9 12±2 3.8±0.8 0.9860   

Au/PAH             

0 0.75 2.815 9.9 15.9 2.7±0.1 0.65±0.05 17.0±0.5 7.5±0.2 5.8±0.3 0.9758   

3 1.05 1.545 11.8 14.5 2.54±0.07 0.73±0.04 31±2 15±3 3.7±0.2 0,9806   

5 1 1.56 11.8 15.2 2.60±0.08 0.7±0.04 39±2 15±3 3.8±0.8 0.9886   

10 1 1.86 10.6 14.5 2.96±0.09 0.52±0.05 82±8 27±5 2.6±0.4 0.9864   

60 0.9 1.715 10.6 15.2 2.67±0.09 0.66±0.05 39±2 12±3 4.1±0.2 0.9785   

Au/PEM             

0 1.015 1.71 9 42 2.60±0.05 0.7±0.03 2000±418 50±9 3.5±0.4 0.9977 4.4106 43 

60 1.0 1.595 13 45 2.86±0.05 0.57±0.03 392±17 21.0±0.5 5.1±0.1 0.9957 4.4106 87* 

* The second superstructure located at f= 1.6x107 m-1 was not considered for the PSDsh model. 
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The first (  and second (  correlation lengths estimated for the gold-quartz crystal 

show values of ~13 nm and ~9 nm, respectively, related to the mean grain diameter of 

the surface resonator and are depicted in table II. Probably the presence of two different 

values is related with the fact that the quartz crystal resonator is coated with an under 

layer of chromium and an upper layer of gold. Therefore, the fact that these correlation 

length values are maintained during DPPG adsorption, lead us to conclude that the 

rupture of the vesicles on the Au surface arises. Similar correlation length values can be 

found in this table for the DPPG vesicles deposition onto PAH. However, the first and 

second correlation lengths have a higher mean value which can be attributed to the PAH 

layer onto the quartz crystal sensor.  

To better analyze the surface of the films, the roughness exponents  were determined 

by the relation, 

 

where  is the value of slope of the fitted PSD at two separate establishments and the 

obtained results are presented in table II. The and roughness exponents describe a 

combination of two processes that control the surface morphologies during growth and 

the mechanism responsible for the particles deposition [22]. 

The  scaling exponent value,  = 0.68, for DPPG liposomes adsorbed onto Au 

surface at 5 minutes is consistent with Villain model [24 and references therein]. This 

model predicts that the deposition of particles is preferentially driven by interactions 

with neighboring particles. This rough exponent shows the balance between random 

fluctuations and diffusion processes, i.e. the mechanism is far-from-equilibrium. At 10 

min of liposomes adsorption  takes a value of 1, meaning that the stabilization of the 

process has occurred and a presence of a smooth DPPG lipid bilayer covering the 

surface is formed. 

Roughness exponents estimated from region IIb for the deposition of DPPG onto PAH 

show values close to unit, signifying that the surface is totally covered by a lipid bilayer 

after 3 min of phospholipid adsorption, i.e. the solid-liquid interface reached the 

steadiness. This fast adsorption and rupture of the liposomes is due to a strong 

interaction between the liposome and the completely charged PAH surface [25]. The 

explanation for this behavior has been reported in literature, whereby the spread of the 

lipid membrane over a planar surface is favored at low pH, regardless to the net charge 

of the bilayer, a process that it is driven by van der Waals forces[26].  

Although it proven that the DPPG adsorption mechanism and consequent formation of a 

lipid bilayer reached its balance before t=3 min [8], afterwards (t=10 min) the rough 

exponent increased, due to the accumulation of aggregates of liposomes onto the 

Au/PAH/DPPG-bilayer surface; being   which implies a locally rough surface and 
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a decrease of the fractal dimension. After 3 min of DPPG adsorption the rough 

exponent, , is close to the unit, which is in good agreement with the linear growth 

equation of the diffusion Villain model [4,24]. 

Scaling exponents calculated from region IIa for both (Au and PAH) surfaces have a 

similar anomalous dynamic behavior, shown by the increase of rough exponent as time 

passes; it became , which is more evident in the Au/PAH/DPPG film. In this last 

situation, the roughening fluctuations and the smoothing effects cannot reach a balance, 

and the local surface slope increases and changes with time, as it is possible to observe 

by the large error of the Sq at 10 min of DPPG adsorption. 

By plotting the Sq roughness evolution of Au/PAH/DPPG surface films as a function of 

time and fitting the power law behavior to the Sq roughness as Sq (L,t)∝tβ, we can 

obtain the growth exponent . However, as described above, at 3 min of DPPG 

adsorption onto PAH layer a lipid bilayer has already been formed and thus the growth 

exponent cannot be estimated.  

More valuable information can be extracted from PSD spectra, e.g. mean grain diameter 

and fractal dimensions, by applying PSD models, such as the Fractal model (PSDfractal) 

and the ABC or K-correlation model (PSDABC)[27]. Generally, for high spatial 

frequencies PSD function reflects the roughness contribution from all features of the 

surface which can be described by the inverse power law decay as follows [27]:  

 

 

where f is the spatial frequency, K is the spectral strength and  is the spectral index. 

This index allows to determine the fractal dimension, , which in turn can be used to 

quantify the surface morphology. The  values can be calculated, in the case of PSD at 

one dimension, by the equation [28,29]:  

 

The dimension value determines the relative amounts of the surface irregularities at 

different distance scales. To determine surface fractal components the medium-

frequency region (region II) of the PSD of Figures 5 a), b) and c) were fitted with the 

PSDfractal model given by equation 3.  The spectral index found ( ) and the fractal 

dimensions (Df) obtained by the equation 4 are listed in table II. Initially, the Au/DPPG 

surface has stronger fractal components than the Au/PAH/DPPG film. But as time 

passes, fractal components of the Au/DPPG surface decrease and the final Df reaches a 

value close to the Au/PAH/DPPG surface. Both films have a Df nearly 1; so the 

surfaces can be described as marginal fractal or smooth. 
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Another model can be applied to extract information retained in these PSD curves. For 

medium spatial frequencies, PSD plots can be characterize by the k-correlation or ABC 

model  (PSDABC), which is a generalization of the fractal model presenting a flat 

response below a cut-off frequency followed by a decrease of the PSD values with the 

increase of spatial frequency, and is represented by the equation [30-34]: 

 

where A, B and C are the functional parameters. A parameter describes the low 

frequency limit of the spectrum meaning there is no significant deviation in the height 

value across these dimensions in real space. B parameter determines the transition 

between the low-frequency plateau and the sloped part of PSD indicating the position of 

the curve “knee” which is related to the correlation length and represents the mean grain 

size. C parameter is the inverse slope at high spatial frequency range, which gives the 

nature of roughness and is related to different growth mechanisms; it is a constant 

greater than 2. This parameter explains film growth in terms of: viscous flow (C = 1), 

evaporation and condensation (C = 2), bulk diffusion (C = 3) and surface diffusion (C = 

4) [33,35].  

 

Table II also presents the PSDABC model parameters obtained by fitting the region II of 

the PSD curves of figures 5 a) and b) with the equation 5. In this model, the correlation 

length is given by the parameter B, which is related to the mean grain diameter of the 

surface. The results showed values like those obtained by the frequency inverse mode 

( ). The exception falls on the Au/PAH/DPPG at 10 min where the correlation length 

shows a value close to the mean vesicle diameter, ~27 nm. Probably the real value is 

masked by some vesicles that have been stuck on the Au/PAH/DPPG surface after 

formation of the DPPG bilayer. The magnitude at low spatial frequencies (A parameter) 

is related to the height of the rough surfaces. It is possible to observe that the A 

parameter generally remains constant in 1D PSD at low frequencies for Au/DPPG and 

Au/PAH/DPPG LbL films, however and because of the formation of vesicles 

aggregated on both surfaces at 3 and 10 min, for the first and second films respectively, 

there is an increase of the A parameter. The C parameter, corresponding to the inverse 

slop of the PSD curve, gives the nature of the roughness and is associated to growth 

mechanisms. Looking at the major periods of DPPG adsorption, both samples present a 

C~3, revealing that the film growth corresponds to bulk diffusion. 

The final fractal dimension (Df) values for DPPG liposomes immobilization on both 

surfaces were also attained by the K-correlation or ABC model and the obtained values 

are close of the values obtained by using the equation 4.  
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Figure 5 c) presents the PSD spectra of Au/PEI/(PSS/PAH)4 and 

Au/PEI/(PSS/PAH)4/DPPG surfaces profiles. The plateau at low spatial frequencies 

(region I)  2.2107 m-1 of the PSD spectra reveals an absence of any characteristic 

length beyond ca. 45 nm. This region can also give information about height profiles 

deviations of the surface. Thus, a rather decrease of the magnitude of the power spectra 

at low frequencies, after DPPG liposomes assembly onto the PEM, means that vesicles 

have contributed to a small reduction of the surface roughness. The region II of PSD 

spectra obeys to two regimes that are frequency dependent and have a constant slope 

(sub-regions IIa and IIb). This region characterizes the surface self-affine behavior and 

involves intermediate frequencies at 2.2107 m-1   3.1108 m-1, representative of a 

combination of two mechanisms during the surface growth. The region III ( 3.1108 

m-1) of the PSD spectra was not considered for surface analysis. At subregion IIb, these 

PSD spectra have a smoother corner than the one obtained for DPPG vesicles 

immobilization on Au or Au/PAH (see figure 5 a) and b)) meaning a surface with a 

higher thickness.  

The first (  and second correlation length (  each having a specific transition 

frequency and marked with arrows in figure 5 c), can express the mean grain diameter 

of a self-affine surface, in this case containing two different arrangements. Table II 

shows the values found for the two correlation lengths, 9 and 42 nm for Au/PEM, and 

13 and 45 nm for Au/PEM/DPPG assigned to the mean grain diameter of gold and PEM 

surfaces, respectively, but this model does not allow the calculation of the mean grain 

diameter of the DPPG vesicles attached to the PEM. 

The roughness exponents ( ) of the fitted PSD spectra were estimated by equation 2 in 

the two regimes and the found parameters are listed in table II. For both systems, the  

is equal to one, meaning that the growth surface as reached the equilibrium following 

the diffusion Villain model and the grain morphology approaches to the ideal circular 

shape. The fact that  decreased after the deposition of the DPPG vesicles reveals a 

reduction of the number of the aggregates on the surface.   

 

The region II of the PSD spectra was also fitted with the PSDfractal model which 

considers the substrate influence and provides the information about the relative 

amounts of the surface irregularities at different scales. The spectral parameters and Df 

values were estimated using equations 3 and 4, respectively, and the found values are 

listed in table II. The spectral indices ( ) for both films are similar. This is also evident 

in the high-frequency region where the slope of the PSD curves is almost the same. 

However, the spectral strength (K) is higher for the surface with DPPG liposomes. This 

outcome suggests that this heterostructure has stronger fractal components. Both films 

have a Df of almost 1 which indicates that they belong to the category of marginal 

fractal, being the PEM/DPPG surface smoother and with less irregularities on its 

topography than the PEM cushion. 
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Conventional PSD analysis method reveals the correlation lengths for PEM and gold 

surfaces, but it does not allow the detection of DPPG vesicles on surface. So, a further 

examination using the ABC or k-correlation model was applied to medium frequencies 

of the PSD plots of figure 5 c). The PSD plots feature of the samples Au/PEM and 

Au/PEM/DPPG were characterized using the ABC model and the computed A, B and C 

parameters are shown in table II. The A parameter which is the magnitude at low spatial 

frequency, has shown to decrease after the DPPG vesicles deposition onto PEM 

indicating a diminution of the height of the rough surface. The B parameter determines 

the position of the ‘knee’, which is defined as the slope of a line connecting two points 

of the surface and corresponds to the mean grain diameter of the features of a rough 

surface. The obtained values for this parameter were 50±9 nm and 21.0±0.5 nm 

corresponding to the mean grain size of PEM and of PEM/DPPG, respectively. It is 

interesting to observe that the attained mean grain size value for PEM is approximately 

equal to the parameter (42 and 45 nm) calculated by the conventional correlation 

length method and it is assigned to the PAH polymer domains. The mean grain size of 

21.0±0.5 nm found for PEM/DPPG surface is similar to the mean grain hydrodynamic 

diameter of the DPPG liposomes measured by DLS [8]. Thus strengthening the idea that 

DPPG vesicles immobilize onto PEM surface maintain its own structure, i.e. without 

being flattened. Besides, this is a proof of consistence of the ABC analysis method, 

since it is able to separate correctly the DPPG vesicles component from the total 

roughness of the sample, in this case the PEM domains. The results attained from this 

method allow to access information that would not be possible from the conventional 

PSD interpretation. The intrinsic contribution obtained from C parameter outlines the 

growth mechanisms of the surface under analysis. The value found for the PEM LbL 

was 3.5±0.4 which lies between the condensation mechanism and the bulk diffusion, 

and for the PEM/DPPG was 5.1±0.1 referring to a surface diffusion. Finally, taking into 

the roughness nature one can conclude that the PEM cushion has a more irregular 

structure than the PEM/DPPG surface, which is composed by an organized layer of 

close-packed DPPG vesicles. 

 

Although the ABC model has proved to be a good tool to apply to the plateau of 

medium frequencies (subregion IIb of figure 5 c)), the PSD spectra is not adapted to this 

model at the low frequency region (I). It is well known that the low frequency 

components of the PSD spectra represent the aggregates or superstructures. The 

presence of such superstructures (or grain clusters) can be extracted from the PSD 

spectra of these films using the PSDsh model, represented by the following equation 

[26]: 

 

 where  stands for the lateral size of the features on the surfaces,  is associated to 

the volume of the features and   is the spatial frequency of the superstructures of the 

surface. 
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This model was applied to the region I of the PSD plots of figure 5 c) and the found 

values are listed in table II. The lateral size of the superstructures is given by the 

parameter. The results showed values of 43 nm and 87 nm for the  parameter of 

the PEM and PEM/DPPG surfaces, respectively. This observation leads us to assume 

that if vesicles with 21 nm of mean hydrodynamic diameter are densely immobilized 

onto PEM surface, comprising 43 nm of length size, a final value of 87 nm for the 

superstructures is reliable. This is also a proof that DPPG vesicles are disposed onto 

PEM domains. However, another superstructure located in the PSD curve at 1.6x107 m-1 

frequency (63 nm) could not be fitted due to the reduced number of points. Concluding, 

after diffusion processes the DPPG vesicles joined the PEM leading to a duplication of 

the length size of the PEM mounds and the surface morphology becomes more regular 

with a lower fractal dimension. Figure 6 outlines the schematic model obtained for the 

Au/PEI/(PSS/PAH)4/DPPG heterostructures.  

 

 

Figure 6. Schematic representation of the proposed model for 

Au/PEI/(PSS/PAH)4/DPPG-liposomes heterostructure, where Au substrate, 

PEI/(PSS/PAH)4  cushion and  DPPG liposomes are displayed in yellow, blue and red 

colors, respectively. The arrows symbolize the size obtained for each surface feature 

represented by numbers: 1) lateral size of the superstructures or aggregates of DPPG 

liposomes achieved by the PSDsh model; 2) size of the DPPG liposomes acquired by the 

PSDABC model; 3) size of the PEM grains obtained by the PSD-conventional, PSDABC 

and PSDsh models. 

Conclusions 

 

In this study we characterized and analyzed the evolution of surface morphology of Au, 

Au/PAH and Au/ PEI/(PSS/PAH)4 surfaces by in situ AFM as DPPG liposomes are 

being adsorbed on it. 

Surface topographies obtained by in situ AFM of DPPG liposomes deposited onto two 

different smooth surfaces, such as Au-quartz crystal resonator and PAH polyelectrolyte 

layer, have proved that vesicles break, unfold and spread throughout the surfaces, 

creating a DPPG lipid bilayer. Amplitude parameters comparison between both 
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experiments showed that the formation of a lipid bilayer is faster when a more ionized 

surface is used, such as PAH. Kinetic adsorption curves obtained by QCM for DPPG 

liposomes adsorption onto this highly charged surface allowed to confirm this 

assumption. Also, the amplitude analysis showed that DPPG vesicles remain intact 

when adsorbed onto a rough cushion (Au/PEI/(PSS/PAH)4) filling the valleys and 

consequently minimizing the surface acuity.  

The PSD spectra of surface topographies were analyzed by conventional correlation 

length method and by fractal, ABC or k-correlation models and superstructure. Two 

types of correlation lengths for Au/DPPG and Au/PAH/DPPG LbL films were found 

and assigned to the grain size of Au/Cr quartz crystal coverage and to the Au/PAH, 

respectively. The scaling exponents revealed that DPPG-liposomes adsorbed onto Au 

and Au/PAH surfaces follow, respectively, the non-linear and linear Villain self-affine 

model. The ABC nonlinear parametrical model was well adapted to all PSD spectra 

allowing extracting the mean grain size of the surfaces and the roughness behavior thus 

validating the amplitude analysis. Both PSD models achieved Df values nearly 12, 

which means that both samples have fractal smooth or marginal surfaces. 

For the rough surfaces the conventional correlation length method revealed to be 

inefficient because it find the grain size assigned to the PEM cushion and to the gold 

surface. The PSD analysis using the ABC model have shown that: i) surface roughness 

decreases after DPPG vesicles adsorption; ii) the attained grain size values of 50±9 and 

21.0±0.5 nm are attributed to PAH cushion domains and to closed vesicles immobilized 

on cushion, respectively; iii) the adsorption of DPPG liposomes onto PEM revealed to 

be caused by diffusion. The PSD superstructure model allowed obtaining the lateral 

sizes of the grain clusters, showing a value close to the size of the grain cushion, 

although for DPPG surface a much higher value was achieved, proving the hexagonal 

packing of the DPPG liposomes onto PEM. The fractal and ABC PSD models have 

shown Df close to 1, being the Df of the PEM/DPPG surface smaller, manifesting less 

irregularities on its topography. The roughness exponents set forth that DPPG vesicles 

deposition is ruled by the diffusion Villain model.  

Finally, it should be remarked that all these methods complement each other providing 

an exhaustive description not only of the accessible surface of the sample but also of its 

inner structural properties. So, the information that can be achieved from experimental 

AFM images can be integrated by using different complementary method of image 

analysis.  
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