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Phospholipids emerge as a powerful tool to be used as a coating for biomaterials, as they can increase the 

biocompatibility of the material and inhibit the growth of bacterial cells. Here, POPE phospholipid was deposited 

on the Ti-6Al-4V alloy surfaces by using a simple method, seeking to improve the corrosion resistance of the base 

material. Results show that the electrochemical potential of the Ti-6Al-4V/POPE is more positive than that 

observed in the base material, which could indicate a lower susceptibility to corrosion. Two EECs were used to 

explain the corrosion mechanisms of the coated and uncoated specimens, demonstrating the base material 

displays an oxide layer about 1.86 nm in the beginning of the corrosion tests and 2.59 nm after 24 h of immersion. 

Due to the complexity of the system containing lipids deposited on the metallic matrix, the corrosion behaviour of 

Ti-6Al-4V/POPE was evaluated considering only the evolution of the CPEs with immersion times. This work shows 

that the use of POPE for coating the Ti-6Al-4V alloy increased the corrosion resistance of the base material, 

expanding the range of advantages in the use of this surface treatment in the development of new biomaterials. 

 

Graphical abstract 

                   

1. Introduction 

As the world population ages and the prevalence of 
diabetes and other health issues rises, musculoskeletal 
problems have seen a notable increase. Consequently, the 
number of individuals afflicted by bone defects due to 

osteoporosis, sports injuries, and accidents has grown, posing 
a considerable threat to human health and overall quality of 
life [1,2]. In the field of orthopedic and arthroplasty, metallic 
materials are predominantly employed for implants due to 
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their exceptional mechanical properties, good corrosion 
resistance in a medium containing aggressive ions as well as 
biocompatibility. Titanium and its alloys, cobalt-chromium 
alloys, and stainless-steel stand as the most used metallic 
biomaterials in the biomedical sector [3,4]. Upon implantation 
in the host body, the device forms an inert oxide layer, which 
provides effective protection against corrosive processes. 
However, this layer hampers bone-implant interaction and 
fails to yield functional outcomes that match the natural 
physiological structure [3]. 

Recent advancements in surface modification techniques 
aim to discover crucial biological molecular components 
responsible for cell-cell interaction and adhesion. These 
components are then replicated on artificial surfaces to 
promote adhesion points, facilitating cell interactions [5]. As 
reported by Golub et al [2], the molecular engineering of 
biocompatible and bioactive surfaces for implantable devices 
can draw inspiration from biomembranes, which serve as an 
excellent model [2]. An effective approach involves the use of 
biomimetic coatings which are composed of phospholipids to 
enhance the bone-implant contact. Eukaryotic membranes 
have diverse compositions, with lipids being amphipathic 
molecules that spontaneously arrange in polar environments. 
These lipids make up 40% of the cell membrane and have 
important biophysical properties, contributing to the proper 
functioning of membrane proteins [6,7] and participating in 
cell signaling and processes. Studies have shown the 
potential of using phospholipids as coatings, either as 
inhibitors of bacterial cells [6], as non-adherent coatings or as 
coatings for implants that should trigger calcification 
processes [7].  

The phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), appears as a powerful tool to 
be used as coating and may be associated to the metallic 
matrix [5,8,9]. This study introduces a groundbreaking and 
practical investigation focusing on employing POPE as the 
initial layer coating for the Ti-6Al-4V alloy. The research 
evaluates how POPE affects the electrochemical properties of 
the Ti-6Al-4V alloy by using open-circuit potential (OCP) and 
electrochemical impedance spectroscopy (EIS) techniques. 
Additionally, an equivalent electrical circuit (EEC) was 
proposed to elucidate the electrochemical behaviour of both 
the coated and uncoated specimens 

2. Material and Methods  

Ti-6Al-4V alloy was used in the present survey as received 
condition. Prior the functionalization, all samples were 
mechanically polished by using SiC sandpapers in the 
sequence range of 800, 1200, 2400 and 4000#, washed in 
distilled water, degreased in isopropanol for a period of 10 min 
and dried. Before the deposition of the lipid thin films, all 
samples were washed by chloroform during 10 min. After 
drying, 100 µL of phospholipid POPE in chloroform (1 mg mL-

1) was added to the samples as follows: dropwise, covering 
the entire surface of the samples with the aid of a syringe. 
After drying the first layer, the remaining volume was 
deposited. Subsequently, the coated material was dried with 
nitrogen gas and placed in a vacuum desiccator for 3 h, where 
it remained until the beginning of the electrochemical tests.  

The corrosion potential (Ecorr) of the samples was 
monitored during 1 h to verify the thermodynamic stability of 

the coated and uncoated specimens. EIS spectra were 
obtained using the frequency range of 105 to 10 mHz, an 
applied a.c. signal of 10 mV (rms), 10 points per decade at 
increased immersion times of the 3, 6, 9, 12 and 24 h of 
immersion, respectively. All electrochemical tests were 
carried out in a naturally aerated 0.6 mol L-1 NaCl solution at 
room temperature by using a STAT-I-400S 
potentiostat/galvanostat. The experimental setup followed a 
classical three-electrode configuration, working electrodes: 
Ti-6Al-4V and Ti-6Al-4V/POPE with an exposed area of 1 cm², 
a saturated calomel reference electrode, SCE,  (Hg/Hg2Cl2/KCl 

sat), and a platinum as auxiliary electrode. For EIS data fitting, 
the ZView2 software was used. 

3. Results and Discussion 

Representative curves of the OCP evolution with the 
immersion time for the Ti-6Al-4V and Ti-6Al-4V/POPE are 
presented in Figure 1. Results demonstrated that the potential 
value for the functionalized material is about 55 mV less 
negative when compared to the bare material (-0.241 V/SCE 
versus -0.186 V/SCE), indicating a nobler potential and 
probable lower susceptibility to corrosion process. 
Considering the base alloy, the potential values determined on 
the OCP measurements are in line with those displayed in the 
literature [10]. Furthermore, as mentioned in the literature 
[11,12], different values of this parameter are expected, since 
it is dependent on the chemical composition of the solution, 
pH as well as the temperature of the studied system. Figure 2 
displays the Nyquist diagrams for the Ti-6Al-4V and Ti-6Al-
4V/POPE samples. Considering the time 24 h of immersion, 
the coated specimen exhibits a slightly superior behaviour 
when compared to the base material. An overall analysis of 
the Bode spectra (see Figure 3 (a)) indicates the bare alloy 
exhibited a phase angle close to – 80o, which may be related 
to a capacitive behaviour. In other words, a passive film, 
probably TiO2, is present on the Ti-6Al-4V alloy surface. With 
respect to Ti-6Al-4V/POPE (see Figure 3 (b)), throughout all 
the immersion times, the coating's stability in the 0.6 mol L-1 
NaCl solution was confirmed. 

 

 

Fig. 1. Open circuit potential variation with time for Ti-6Al-4V 
and Ti-6Al-4V/POPE in aerated 0.6 mol L-1 NaCl solution. 
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Fig. 2. Nyquist diagrams of Electrochemical Impedance Spectroscopy spectra of Ti-6Al-4V and Ti-6Al-4V/POPE specimens exposed to 
aerated 0.6 mol L-1 NaCl solution. 

 

       

Fig. 3. Bode plots of Electrochemical Impedance Spectroscopy spectra of Ti-6Al-4V and Ti-6Al-4V/POPE specimens exposed to aerated 
0.6 mol L-1 NaCl solution. 

 

The electrical equivalent circuits (EECs) depicted in Figure 
4 were proposed to understand the corrosion behaviour of the 
uncoated and coated specimens. The first one (see Figure 4 
(a)), named EEC1, was proposed for the base material, and is 
composed of the Ohmic resistance (RΩ) and the loop CPEbl-Rbl 
that describes the constant phase element of the barrier layer 
and the resistance of the barrier layer. The second one, named 

EEC2, is displayed in Figure 4 (b) and was used to describe the 
corrosion properties of the Ti-6Al-4V/POPE. In this EEC2, the 
RΩ corresponds to the Ohmic solution resistance, the loop 
CPEPLL - RPLL is associated with the phospholipid layer (outer 
layer) and the loop CPEbl – Rbl is related to the inner layer. All 
fittings obtained in this work showed a chi-square (χ2) of the 
order of 10-4. 
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Fig. 4. Schematic representation of the corrosion and the 
proposed equivalent circuit, (a) Ti-6Al-4V and (b) Ti-6Al-

4V/POPE. 

 

The CPE parameter can be used to represent a double 
layer that presents deviations from an ideal capacitor. The 
impedance of a CPE (ZCPE) is given by the Equation 1: 

 

𝒁𝑪𝑷𝑬 =
𝟏

𝒀𝒐 (𝒋𝝎)𝒏
                  

                                        
(1) 

 

where Y0 is a parameter related to capacitance and ϕ is the 
constant phase exponent, where 0 < 𝑛 < 1.  

As evident from the results, the RΩ values remain constant 
during the immersion tests. This observation, as reported by 
Moreto et al [13], indicates the distance between the reference 
and working electrodes throughout all the electrochemical 
tests is kept constant. The CPEbl values show a decreasing 
trend with immersion time and the opposite effect was 
verified for the Rbl parameter, as expected. At this time, 
considering the CPEbl values as capacitance, this increase can 
be explained by the (i) change in the dielectric constant values 
(ε), (ii) expansion of the electroactive area, and/or (iii) 
reduction of the oxide thickness on the Ti-6Al-4V alloy 
surfaces. The presence of roughness and defects on the 
material's surface leads to a non-uniform current distribution, 
directly influencing the n values. For the base material, the 
values of nbl are very close to 0.90, demonstrating a fairly 
homogeneous surface. Figure 5 summarizes all results 
obtained for EEC1.  

 

 

Fig. 5. Evolution with immersion time on the Ti-6Al-4V alloy, (a) RΩ versus time, (b) CPEbl versus time, (c) Rbl versus time, and (d) nbl  

versus time. 

 

The typical fitting results for the Ti-6Al-4V alloy containing 
POPE as coating is summarized in Figure 6. As can be seen, 

the nPLL values obtained for the lipid layer may be related to 
greater roughness as well as heterogeneity, to the molecular 
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organization level of the lipids and to the kinetic processes, 
such as adsorption and phase transitions that occur at the 
interface [14-16]. As mentioned in the literature [17], values of 
n = 0.6 ± 0.1 can be assigned to a non-homogeneous 2D or 3D 
system. Furthermore, the presence of certain ions or 
electrolyte molecules directly influence the resistivity and 
dielectric characteristics of lipid phases [180]. On the other 
hand, the values of nbl are between 0.91 and 0.94, respectively. 
The values of CPEbl and Rbl exhibit very similar behaviour, 
regardless of the immersion time, suggesting good resistance 
of the barrier layer against the corrosion process. The 

opposite effect was verified for the CPEPLL parameter. In the 
first six hours of immersion, CPEPLL values are very similar. 
However, there is a trend towards lower values with 
immersion time. These observations can be associated with 
the way in which the phospholipids are organized on the 
surface of the Ti-6Al-4V alloy. The unsaturations present in the 
region of the POPE hydrocarbon chains can affect this 
organization, as they influence the geometry of the lipid and 
consequently its ordering [19]. Regarding the RPLL parameter, 
no clear trend was observed.   

 

Fig. 6. Evolution with immersion time on the Ti-6Al-4V alloy containing POPE, (a) RΩ versus time, (b) nPLL and nbl versus time, (c) CPEPLL 
and CPEbl versus time, and (d) Rbl versus time. The inset in Figure 6 (d) represents the RPLL behaviour as function of immersion time. 

 

 

 Here, the CPEbl values were converted to capacitances 
(Cbl) for the Ti-6Al-4V alloy, seeking to determine the thickness 
of the oxide layer with the evolution of the corrosion process. 
For this purpose, the Equation (2) that was presented by 
Moreto et al [20] to study the corrosion properties of the 2524-
T3 aluminium alloy containing Nb2O5 coatings and derived 
from Brug’s equation [21] was used to determine the Cbl 
values. It is important to mention that this relationship can 
only be used for values of n > 0.8.   

𝑪𝒃𝒍 = [𝑪𝑷𝑬𝒃𝒍 × 𝑹𝜴
(𝟏−𝒏)

]

𝟏

𝒏
        (2) 

 

Assuming a parallel plate capacitor, the dependence of the 
capacitance with thickness is given as: 

 

 𝑪𝒃𝒍 =
𝜺𝜺𝟎𝑨

𝒅
     (3) 

 

where 𝜀0 is the free space permittivity (8.854 × 10−14 F 
cm−1),  𝜀 is the dielectric constant, d the thickness and A 
represents the area. As mentioned by the literature [22-24], the 
dielectric constant of the TiO2 thin film formed on the Ti-6Al-
4V alloy displays values between 48 and 100. Thus, from 
Equations 3 and 4 it is possible to determine the thickness of 
the oxide layer on the Ti-6Al-4V alloy surface with the 
immersion time.  

 

𝒅 =
𝜺𝜺𝟎𝑨

𝑪𝒃𝒍
     (4) 

 

Figure 7 (a) shows the thickness evolution of the oxide 
layer on the Ti-6Al-4V alloy surface with immersion time when 
exposed to 0.6 mol L-1 NaCl solution, considering ε = 48. 
Figure 7 (b) exhibits the influence of the dielectric constant on 
the thickness of the oxide layer. As can be seen, the thickness 
at the beginning of the tests is approximately 1.86 nm, 
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increasing until 24 h of immersion and reaching a value of the 
order of 2.59 nm. Thus, considering intermediate values 
between 48 and 100 for the ε parameter, the oxide 
thicknesses obtained in the present work are in line with the 
literature [25]. So, returning to some previous comments, the 
increase on the Cbl values is directly linked to the ε parameter.  

And, finally, based on the complexity of the system 
containing lipids, which may be related to the homogeneity of 
the POPE distribution along the surface of the Ti-6Al-4V alloy, 
in the present work the corrosion behaviour was evaluated 
considering only the evolution of the CPE with immersion 
times. Although, in general, the POPE-based coating increased 
the corrosion resistance of the Ti-6Al-4V alloy. This brief 
communication shows the great potential of POPE 
phospholipid as a first layer coating and opens up new 
opportunities for innovative and applied studies in the 
biomedical sector. Despite this, further studies regarding the 
structure and morphology of the lipid phase over the Ti-6Al-4V 
are extremely needed and constitute the next steps by this 
research group. 

 

 

Fig. 7. (a) Thickness evolution of the oxide layer on the Ti-6Al-
4V alloy surface with immersion time when exposed to 0.6 mol 

L-1 NaCl solution, considering ε = 48, and (b) influence of the 
dielectric constant on the thickness of the oxide layer 

 

4. Conclusions  

Many efforts have been employed in the treatment of 
metallic surfaces in search of biocompatible materials. The 
use of phospholipids for coating metallic alloys has drawn the 
attention of researchers, as they are versatile and capable of 

improving the biofunctional properties of various materials. 
Despite this, there are few studies that explore the effects of 
these treatments on the corrosion properties of materials. To 
fill this gap, we performed POPE deposition on Ti-6Al-4V alloy 
and performed OCP and EIS techniques to evaluate how POPE 
affects the electrochemical properties of Ti-6Al-4V alloy. 
Equivalent electrical circuits were proposed to elucidate the 
electrochemical behavior of coated and uncoated samples. 
Overall, the results showed that the presence of POPE 
imparted higher corrosion resistance to the Ti-6Al-4V alloy, 
indicating the potential use of this assembled POPE layer to 
functionalize Ti alloy and other biomedical materials. 
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