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A B S T R A C T

Lipid bilayers of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were prepared in two forms, as a sus-
pension of multilamellar spherical vesicles and as planar membranes deposited on a conductive solid support.
We used Fourier Transformed Infrared (FTIR) and Raman spectroscopic techniques to study the lipid vesicles
while the solid supported bilayers were characterized by using electrochemical experiments (cyclic voltammetry
and impedance). Valproic acid (Valp) was either present in the solution or incorporated into the lipid structure.
As the Valp:DMPC ratio increases the phase transition temperature decreases while the phase transition becomes
less marked. Moreover, for the Valp:DMPC complex species a slight decrease in the number of gauche isomers
was observed relative to the number of trans isomers what corresponds to an increase in the packing density of
the acylic chains. Based on derived electrical properties of the supported membranes it can be concluded that
Valp induces the formation of pores and other defects in the lipid films. Valp incorporated into the membrane is
seriously detrimental to the bilayer stability.

1. Introduction

Drug-membrane interactions have attracted considerable attention
since these interactions are known to affect the structure and properties
of biological membranes strongly. A large number of distinguishing
qualities of a membrane can be modified by means of an interaction
with drugs (El Kirat et al., 2010; MacCallum and Tieleman, 2008).
Some of the membrane traits that can be modified upon interaction
with drugs are: the conformation of acyl groups, the membrane surface
and thickness, the phase transition temperature, the membrane poten-
tial and hydration of the head groups and finally, the membrane fusion
properties.

The bilayers of phospholipids can be considered as model systems of
cell membranes since they preserve their two-dimensional fluidity and
can be modified with membrane proteins, ion channels, receptors,
transporters and can be used in many applications in the field of bio-
technology (Martin, 2007; Chan and Boxer, 2007). Liposomes, in which

the composition, structure and dynamics of phospholipids can be
completely controlled, are generally recognized as models for in vitro
studies of the properties and structure of cell membranes. Even a pure
hydrated phospholipid bilayer is highly complex, and poses challenges
for performing experiments and computation. Membranes of DMPC are
among the most studied systems, as DMPC has been widely character-
ized both experimentally and computationally (Juhaniewicz and Sek,
2015). On the other hand, liposomes of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) were used as drug delivery vehicles and their
delivery efficacy was tested for 5-ALA-medicated PDT, both in vitro and
in vivo. Moreover, DPPC liposomes can act as carriers for hydrophilic
drugs such as 5-ALA. Due to its hydrophilic properties, 5-ALA can be
entrapped in the aqueous phase of liposomes and this brings about the
limitation of the entrapment efficiency (Lin et al., 2016). Additionally,
lipid bilayers supported on gold surfaces are also interesting models for
cell membranes. Electrochemical techniques are widely accepted as
ideally suited tools to characterize membranes supported on a
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conductive solid (Diamanti et al., 2016; Diamanti et al., 2017). In
particular, impedance experiments provide a measurement of the di-
electric properties of the system and their changes related to the in-
teraction with different biomolecules (Steinem et al., 2000; Du et al.,
2006; Rameshkumar and Kumaravel, 2017; Corrales Chahar et al.,
2018). Many excellent reviews are readily accessible from the literature
(Vallejo and Gervasi, 2006; Ziebert and Lacoste, 2011) where the
subject is thoroughly discussed.

Valproic acid (Valp), on the other hand, is a branched short-chain
fatty acid with broad-spectrum anticonvulsant activity that has been
used since the 1970s for the treatment of generalized epilepsy and for
the treatment of other diseases, such as bipolar disorders and migraines.
After more than 40 years of clinical use, the mechanisms of action of
Valp are still not fully understood (Rosenberg, 2007). Due to its an-
ticonvulsant activity against a broad spectrum of different types of
seizures, it has been frequently suggested that Valp acts through a
combination of several mechanisms. Different studies suggest that Valp
anticonvulsant action results from its effect on the neurotransmission
mediated by gamma-aminobutyric acid (GABA) in the brain
(Johannessen and Johannessen, 2003). Other studies suggest that Valp
anticonvulsant action is the result of its effect on sodium and potassium
channels, but these data were described as inconsistent (Loscher, 1999).
Valp does not have a known specific binding site on the plasmatic
membrane, which suggests that can act directly on the membrane,
possibly as a disruptive agent. This suggestion is supported by several
studies (Keane et al., 1983). These studies have shown that the antic-
onvulsant potency of Valp analogues increases according to their chain
length and water / octanol partition coefficient. The latter fact suggests
that the activity of Valp analogues depends on their lipophilicity. It has
been discovered that Valp and analogous compounds (Lyon and
Goldstein, 1980) are agents that alter the membrane and that the ability
to perturb the membrane in vitro correlates with their anticonvulsant
activity (Kessel et al., 2001).

The static and kinetic properties of valproic acid that interact with
lipid bilayers of fully hydrated dipalmitoyl phosphatidylcholine were
studied using molecular dynamics simulations (Ulander and Haymet,
2003). These authors present spatially resolved free energy calculations
for the transport of valproic acid and valproate molecules across hy-
drated DPPC lipid bilayers. They observed the formation of a large
water defect when valproate is located in the center of the membrane.

In this work we intend to gain a deeper insight into the effects of the
interaction between valproic acid and lipid bilayer membranes of 1,2-
Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Fig. 1). To achieve
this goal we used Fourier Transformed Infrared (FTIR) and Raman
spectroscopic techniques and electrochemical experiments (cyclic vol-
tammetry and impedance).

2. Experimental

2.1. Lipids and chemicals

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) from Avanti-
Polar Lipids, positively-charged dimethyldioctadecylammonium
chloride (DODAC) and Tris (tris-hydroxymethyl aminomethane) with a
purity ≥ 99.8% were purchased from Sigma–Aldrich Inc. (St. Louis,
MO, USA); 3-mercaptopropionic acid (MPA) from Merck (Germany),
valproic acid (Valp) from Sigma-Aldrich (Argentina). All other chemi-
cals were of analytical grade, and tridistilled water was employed in all
the experiments.

2.2. Lipid sample preparation

Multilamellar vesicles (MLVs) were prepared of DMPC and
DMPC:Valp at different molar ratios, following Bangham’s method
(Bangham et al., 1974). The pure lipid and the Valp:DMPC samples at
different molar ratios (0.42:1, 0.84:1 and 1.69:1) were dissolved in
chloroform and dried under a stream of nitrogen to form a lipid film.
The samples were kept for 24 h under vacuum, to ensure complete
elimination of the solvent. The samples of the Valp:DMPC complexes
were rehydrated and suspended in tridistilled water. On the other hand,
a fraction of the pure lipid samples was rehydrated in aqueous solution
of Valp in 7mM concentration. The aqueous solution was prepared with
tridistilled water and the concentration of 7mM was chosen since it is
the maximum concentration at which Valp is soluble in water.

The mechanical dispersion of the hydrated lipid films was obtained
under vigorous shaking for 15min, resulting in an opalescent suspen-
sion of MLVs, at room temperature. The final lipid concentration was
50mg/mL.

2.3. Preparation of supported lipid bilayers (SLBs) on Au

Unlike a vesicle or a cell membrane in which the lipid bilayer is
rolled into an enclosed shell, a supported bilayer is a planar structure
sitting on a solid support. Because of this, only the upper face of the
bilayer is exposed to the free solution. One of the great advantages of
the supported bilayer geometry is its enhanced mechanical stability.
SLBs will remain largely intact even when subjected to either high flow
rates of an adjacent fluid or vibration. Moreover, the presence of holes
will not destroy the entire bilayer (Purrucker et al., 2001). SLBs were
obtained by attaching the lipid bilayer, containing a fraction of a po-
sitively-charged lipid, to the surface of a gold electrode modified with a
negatively-charged self-assembled monolayer of MPA (Plant,1993). For
this purpose, the electrode was incubated for at least 1 h in an ethanolic
solution of 0.1M MPA.

The final lipid film (Bangham et al., 1974) was prepared from
mixtures of: 80% DMPC and 20% DODAC, which is positively charged.

Fig. 1. Chemical structures of 1,2-Dimiristoyl-sn-glycero-3-phosphatidylcholine (DMPC) and Valproic Acid (Valp) molecules used in this study.

F. Corrales Chahar et al. Chemistry and Physics of Lipids 218 (2019) 125–135

126



In this way, the lipid bilayer was successfully deposited on the modified
solid substrate thanks to electrostatic forces of attraction.

To obtain bilayer structures with incorporated Valp, lipid films of
the Valp:DMPC complexes were used to prepare mixtures containing
20% DODAC. MLVs were formed by vigorous shaking and rehydration
of the film in the presence of 10mM Tris buffer solution with 0.1 M
potassium chloride (KCl), pH 7.4. A suspension of multilamellar vesicles
with a final concentration of 3% w/v was obtained. To ensure that only
a single lipid bilayer became attached to the gold surface, the MLV
suspension was extruded by using a LIPEX™ Extruder, (Bergera et al.,
2001; Olson et al., 1979). In this way, a suspension of unilamellar ve-
sicles (LUVs) was obtained, with which the electrode, containing the
MPA self-assembled monolayer, was incubated for at least 15 h (Fig. 2).
Thus, lipid bilayers were deposited by vesicle fusion on Au substrates
through electrostatic binding with the previously assembled monolayer
of MPA.

2.4. FTIR and Raman spectroscopic measurements

2.4.1. FTIR measurements
FTIR measurements were carried out in a Perkin Elmer GX spec-

trophotometer, with a DTGS detector. The spectra of biomolecules with
the phospholipid were acquired in a demountable cell for liquid sam-
ples with ZnSe windows. The temperature of the cell was controlled
within the 12 °C–35 °C range by using a Peltier-type system with an
accuracy of ± 0.1 °C. The resolution of the spectrophotometer was 1
cm−1. A total of 64 scans were recorded in each condition and the
spectra were analyzed using the OMNIC v.7.2 mathematical software
provided by the manufacturer.

Using FTIR, the phase transition temperature (Tm) of the DMPC
from gel phase to liquid-crystalline phase and the influence of Valp on
Tm were determined (Casal and Mantsch, 1984).

The bands in the mixtures were assigned to the carbonyl and
phosphate groups by comparison with pure lipids. The C]O bands, are
broad and overlapping. The Fourier deconvolution was used to estimate
the frequencies of the component bands, followed by curve-fitting to
obtain the bandwidth and the intensity (band narrowing factors:
1.6–2.2).

Deconvolution was used to obtain the peak frequencies of the
component bands reported for the two populations of carbonyls in the
lipid: the non-hydrated (1737 cm−1) and the hydrated (1722 cm−1)
populations in the fluid state (Disalvo et al., 2002; Arias et al., 2015;
Arias et al., 2018). The changes of these two populations were studied
according to the molar ratio Valp:DMPC, both in the gel state and in the

liquid crystalline state.

2.4.2. RAMAN measurements
Vibrational Raman spectra of the samples were recorded by using a

confocal Thermo Scientific-DXR Raman Microscope. The microscope is
equipped with a high resolution motorized platen, a set of Olympus
optical objectives, lighting module bright field/dark field trinocular
viewer and an Olympus camera of 2048 pixels with CCD detector. The
confocal system is real, with opening/hole matched with the point of
symmetry of the excitation laser. The resolution is 2 μm in depth pro-
files. The standard spatial resolution was better than 1 μm.

The spectra were obtained at room temperature, by using a laser
diode-pumped solid state (DPSS) of 532 nm with a power of 10mW; the
optical objective used was a 10X with an optical opening of 25 μm. The
spectra were analyzed by using the OMNIC™ program for Dispersive
Raman.

2.5. Electrochemical measurements

A three-electrode cell was used for the electrochemical experiments
that were performed with a Zahner IM6 electrochemical workstation.
The area of the Au working electrode was 1 cm2. A platinum sheet
served as the counter electrode while the reference electrode was a
saturated calomel electrode (SCE). All potentials in this work are re-
ferred to the SCE (0.2412 V with respect to the normal hydrogen
electrode). Cyclic voltammetry was recorded at a sweep rate v=50mV
s−1. The frequency range for recording impedance spectra covered
from 30 kHz to 0.01 Hz with a perturbation signal amplitude of 10mV.
Experimental spectra were measured at the open circuit potential.

3. Results/Discussion

3.1. Vibrational spectroscopy measurements

The interactions between the lipid membranes of DMPC and Valp
were studied by using Fourier Transform Infrared (FTIR) spectroscopy.
The obtained spectra were comparatively analyzed by a study of the
spectral bands corresponding to the inner and interphase regions of the
lipid bilayer.

The FTIR spectra of MLVs of pure DMPC and Valp:DMPC complexes
at different molar ratios are shown in Figs. 3 and 4. The spectra were
recorded at 18 °C (gel state) and at 31 °C (liquid-crystalline state). The
pure Valp spectrum is also shown. In all the graphs, the signals of the
bands corresponding to the different functional groups of interest were

Fig. 2. Diagram of a supported bilayer [Alvarez et al., 2007].
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assigned.
The spectra corresponding to the MLVs of DMPC, obtained by re-

suspending the lipid film in a 7mM Valp solution and resulting in a
molar ratio of Valp:DMPC of 0.094:1 are presented in Figures S1 and
S2.

3.1.1. Influence of Valp on the phase transition temperature of the DMPC
DMPC is a saturated lipid, with fatty acid chains of 14 carbon atoms

(14:0/14:0), whose phase transition temperature (Tm), from gel to
crystalline liquid state, is 23 °C (Heimburg, 2007; Garcia-Manyes et al.,
2005). The changes in the wavenumber of the symmetric stretch of the
methylene group (vs CH2) were recorded in the FTIR spectra of MLVs of
pure DMPC in a temperature range between 12 °C and 35 °C A Tm value
of 23 °C for DMPC is determined with the first derivative of the curve
obtained by plotting the wave number of the symmetric stretch of CH2

as a function of the sample temperature (Figure S3).
The asymmetric stretching vibrations around 2922 cm−1 (νas CH2)

can also be used for this determination since they produce practically
the same results. The main phase transition is also observed through

changes in other parameters of the band, such as bandwidth and peak
height [Cameron et al., 1980].

In Figs. 5(a) and (b), the wavenumber corresponding to νs CH2 is
represented as a function of the sample temperature for different con-
ditions of the two studied Valp-DMPC systems. In Fig. 5(a), no change is
observed in the Tm of the lipid when the MLVs of DMPC are re-
suspended in the 7mM valproic acid solution for different exposure
times (1 h, 24 h and 192 h) after the vesicles formation. Fig. 5(b) shows
results corresponding to samples of the Valp:DMPC complex, in which
Valp was incorporated directly into the lipid film, in different molar
ratios, before forming the liposomes. A significant effect is observed
related to the action of the drug characterized by a decrease in the Tm of
the lipid, as the molar ratio Valp:DMPC increases while the phase
transition becomes less noticeable.

The effect produced by different substances on the Tm of a lipid has
been studied by different techniques for a long time, (Cameron et al.,
1980; Cortijo and Chapman, 1981; Mannock et al., 2006) being the
influence of cholesterol on the Tm a model case. The presence of cho-
lesterol in lipid membranes of DMPC causes shifts in band frequencies

Fig. 3. Assignment of the bands in FTIR spectra of MLVs of pure DMPC (blue), Valp:DMPC complexes in different molar ratios (gray gradient) in the gel state and
pure Valp (green).

Fig. 4. Assignment of the bands in FTIR spectra of MLVs of pure DMPC (blue), Valp:DMPC complexes in different molar ratios (gray gradient) in liquid-crystalline
state and pure Valp (green).
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which indicate that an increase in the number of gauche conformers
occurs below Tm (less order) and a decrease in this number occurs
above Tm (more order) [Cortijo and Chapman, 1981]. Here (Fig. 5(b)),
the incorporation of Valp in the lipid bilayer results in a more complex
effect than that reported for cholesterol. The presence of Valp causes an
increase in the average number of gauche isomers below the tempera-
ture Tm, which increases for higher Valp:DMPC molar ratios, thus the
hydrocarbon chains would have greater freedom of movement. Above
the Tm there is a slight increase in the number of gauche isomers with
respect to the pure lipid at these temperatures. It is observed that, at
temperatures above the transition temperature Tm, the effects of dis-
order due to the presence of Valp are added to that of the higher
temperatures examined.

Figs. 6(a) and (b) show the FTIR bands that illustrate the changes,
induced by temperature and by the presence of Valp, in the DMPC
spectra in the region of 3000 to 2800 cm−1. At temperatures below the
Tm (18 °C), an increase in bandwidth and a wavenumber shift (≈3 to 4
cm−1) of these bands are observed, which reflects an increase in mo-
bility and in the content of rotamers in the hydrocarbon chains (Bilge
et al., 2013; Ergun et al., 2014). At temperatures above the Tm (31 °C), a
slight increase in the width of the bands is observed, without a con-
siderable change in the wavenumbers.

3.1.2. Hydrophobic region
3.1.2.1. FTIR measurements. Tables S1 and S2 show the assignments of
the bands and the changes in the wavenumbers of the vibrations of the
symmetric and asymmetric stretches of the methyl and methylene
groups, of the hydrocarbon chains inside the lipid bilayer, at 18 °C (gel
state) and at 31 °C (crystalline liquid state).

Table S1 shows the effect of Valp incorporated into the lipid bilayer.
It is observed that the interaction between Valp and the hydrocarbon

chains of DMPC is more evident in the gel state than in the crystalline
liquid state, where it is practically null. In the gel state, changes in the
wavenumbers of the bands of νsCH2 and νasCH2 are more significant as
the molar ratio between Valp:DMPC increases. In Table S2, no inter-
action is observed for the MLVs resuspended in Valp solution, in both
states.

3.1.3. Hydrophilic region
3.1.3.1. FTIR measurements. The interfacial region is strongly
dependent on the hydration status of the lipid bilayer and susceptible
to hydrogen bonds (Disalvo et al., 2008). The analysis of the FTIR
spectra obtained for the MLVs of the Valp:DMPC complexes allowed to
characterize the hydrophilic region by considering the wavenumber
changes of the vibration bands of the stretches C]O and PO2

− in
comparison with the corresponding bands of pure DMPC.

3.1.3.2. C]O group. It has been reported that the main ν C]O peak in
diacyl lipids can be split in two components that correspond to the ν
C]O vibrational modes of non-bonded (free) and H-bonded (bond)
conformers of the C]O group (Hübner and Blume, 1998; Dıaz et al.,
2003).

To investigate the H-bond interactions between Valp and the C]O
groups in lipid vesicles of DMPC, a deconvolution of the main band of
νC]O (both for the gel state and for the crystalline liquid state) was
carried out which resulted in three components: νC=Obond, νC=Ofree

and νC=Ovalp. The higher wavenumber band component (1744 cm−1

at 18 °C and 1744 at 31 °C) was assigned to the free νC=O groups (ν
C=Ofree), whereas the lower wavenumber component (1734 cm-1 at
18 °C and 1734 at 31 °C) was attributed to the νC=O vibration of H-
bonded conformers (νC=Obond) in DMPC liposomes.

The graphs of the deconvolutions of the bands of the C]O groups in

Fig. 5. Graphs of the wavenumber of the band corresponding to νs CH2 as a function of the sample temperature in MLV spectra: (a) Valp in solution for different
exposure times and (b) Valp incorporated into the vesicles at different molar ratios.

Fig. 6. FTIR spectra of MLVs of pure DMPC and complexes Valp:DMPC, (a) at 18 °C and (b) at 31 °C, in the C–H stretching region.
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the MLVs vesicles of DMPC resuspended in a solution of Valp 7mM and
with Valp incorporated in the lipid bilayer, at different molar ratios, in
the gel and crystalline liquid state, are presented in Figures S4 and S5,
respectively. The assignments of the component bands are reported in
Tables S3 and S4.

It is observed that the variations in the values of the wavenumbers
assigned to bands are small for all Valp:DMPC molar ratios, both in the
gel and in the liquid crystalline state (Table S4). For both analyzed
temperatures, the increase in intensity of the band assigned to the po-
pulation of the carbonyls linked to hydrogen bridges is remarkable (C]
O bond).

Fig. 7 shows the percentage contribution of C]Obond and C]Ofree

to the carbonyl stretching mode, as a function of the Valp:DMPC molar
ratio, when Valp was incorporated into the lipid bilayer, in the gel (a)
and liquid crystalline (b) state.

In the gel and liquid crystalline states, the contribution of C=Obond

population is greater than that of C]Ofree for all Valp:DMPC molar
ratios. The population of the C]Obond decreases with respect to the
value of the pure lipid at the molar ratios 0.42: 1 and 0.84:1 while this
trend is reversed for the molar ratio 1.69:1. This could indicate that
Valp extracts the structured water from the population of the C]Obond

which is reflected in the decrease in its percentage with respect to the
pure lipid. Moreover, the interaction C]OValp could take place for the
Valp: DMPC molar ratio of 1.69:1.

The percentage of C]Ofree population increases slightly with re-
spect to the value of the pure lipid and remains practically constant at
all molar ratios tested, either in the gel or in the crystalline liquid state.

3.1.3.3. PO2
− group. In fully hydrated phosphatidylcholine in the

liquid crystalline state, the characteristic phosphate group vibrational
bands assigned to the PO2

− antisymmetric stretching mode (νas PO2
−)

is centered at 1229.5 cm-1 and the PO2
− symmetric stretching mode (νs

PO2
−) at 1085.0 cm-1. It is widely accepted that the frequency of the

vibration (νas PO2
−) is very sensitive to lipid hydration mainly because

of direct H binding to the charged phosphate oxygen. Anhydrous lipid
hydration displaces the band of the antisymmetric phosphate stretching
to lower frequencies with increasing H-bonding (Lairion et al., 2006;
Frías et al., 2007; Arias et al., 2018).

In MLVs of pure DMPC in the gel state (18 °C), the bands assigned to
the anti-symmetric stretch mode of the PO2

− (νas PO2
−) group are

centered at 1213 cm-1 and those of the symmetric stretch of the PO2
−

(νs PO2
−) at 1087 cm-1. In crystalline liquid state, the bands are cen-

tered at 1212 cm-1 for νas PO2
− and 1087 cm-1 for νs PO2

−.
In Tables S5 and S6 we present the assignments of the bands cor-

responding to the symmetric and antisymmetric stretches of the phos-
phate group, in MLVs of Valp:DMPC complexes and the changes in the
wavenumbers with respect to pure DMPC, both for the gel state (18 °C)

and for the liquid crystalline state (31 °C).
From the analysis of Tables S5 and S6, it is observed that the wa-

venumbers corresponding to the antisymmetric stretching mode of the
phosphate group are displaced towards higher values. The extent of the
shift towards higher values of the wavenumber is an indicator of the
degree of dehydration of the phosphate group. On the other hand, for
the symmetric stretch mode of the phosphate group, no significant in-
teractions are observed in the different Valp: DMPC complexes. In ad-
dition, this effect is more noticeable in vesicles of DMPC resuspended in
7mM Valp solution (Valp:DMPC molar ratio 0.094:1, Table S6) in-
dicating a strong dehydration of the phosphate group without forma-
tion of H bond. In this system, the magnitude of the degree of dehy-
dration (≈18 cm−1) is similar for both states, gel and crystalline liquid.

This suggests that the effect of dehydration is due to the Valp in
solution and does not synergize with the change in temperature, when
passing from the gel to the liquid crystalline state. This effect is lower in
the Valp:DMPC complexes incorporated directly in the membrane
(Table S5), the magnitude of the dehydration is reflected in the changes
in the wavenumbers that were approximately 4 cm−1 for the gel and 4
to 7 cm−1 for the crystalline liquid state.

In the case of liposomes resuspended in Valp solution, the dehy-
dration could be due to an osmotic effect caused by the Valp action of
sequestering structured water molecules of the phosphate groups. On
the other hand, in systems where the Valp was incorporated into the
membrane before forming the liposomes, the dehydration could be
explained by the steric effect of the Valp molecules located in the in-
terphasial region of the lipid bilayer.

Figs. 8 and 9 show in bar graphs the displacements in the

Fig. 7. Contribution of νC=Ofree and νC=Obond to the carbonyl population in different molar ratios of Valp:DMPC and at 18 °C (a) and 31 °C (b).

Fig. 8. Effect of Valp on the position of the vibrational bands of FTIR for the
PO2

− group in DMPC, in gel state (18 °C).
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wavenumbers of the asymmetric stretch of the PO2
− group due to the

effect produced by Valp in the MLVs of Valp:DMPC complexes, in both
states.

3.1.3.4. Raman measurements. Fig. 10 shows the Raman spectra of pure
DMPC and the Valp:DMPC complexes, obtained at room temperature, at
which the lipid is in the crystalline liquid state. The corresponding
signals are assigned to the vibrations of the groups of the regions
included between 2800 cm−1 to 3000 cm−1 and between 1000 cm−1 to
1800 cm−1.

The Raman assignments for the vibrational bands of the stretches
νsCH3, νasCH2, νsCH2 and the change in the corresponding wavenumber
are reported in Table S7. Displacements are observed for the higher
frequencies (≈7 to 9 cm−1) in the symmetric stretches of the terminal
CH3 groups and smaller displacements in the symmetric stretches of the
CH2 groups of the hydrocarbon chains of the lipids.

The region between 1000 cm−1 and 1200 cm−1 corresponds to the
vibrational stretching of the CeC bonds of the acyl phospholipids
chains. In the case of DMPC, the peaks at 1122 cm−1 and 1062 cm−1

are assigned to the stretches of the trans conformations, while the peak
at 1087 cm−1 to the gauche conformation (Lhert et al., 2000). The

intensity ratio I1087 (G) / I1062 (T) is a parameter that indicates the re-
lative number of gauche/trans rotamers in the acyl phospholipids
chains.

The intensity ratios of other bands of interest are: IvsCH3/IvsCH2

(I2926/I2850) and IvasCH2/IvsCH2 (I2882/I2850), which indicate the in-
teraction between the hydrocarbon chains and give information on the
coupling of the chains, respectively (Orendorff et al., 2002).

Analyzing the ratio of intensities I1087 (G)/I1062 (T), it is observed that
there is practically no change in the relative amount of gauche rotamers
(G) with respect to trans (T). An increase in the ratio of intensities:
IvsCH3 / IvsCH2greater than 0.3 in the Valp: DMPC complexes, indicates
the increase in the degrees of freedom of rotation and vibration of the
terminal methyl groups. In turn, the decoupling of hydrocarbon chains
takes place. A decrease of ≈ 0.1 in the ratio of intensities: IνasCH2/
IνsCH2 (I2882/I2850), would indicate that there is a slight decrease in the
order or coupling of chains (Figure S6).

3.2. Electrochemical characterization of the Au/SLB systems

Results obtained by using electrochemical measurements describe
the changes in the electrical properties of supported bilayers that result
from variations in the conditions under which the bilayers interact with
valproic acid. We can discuss the findings mainly, in terms of induced
membrane defects. These defects are facilitated paths for species of the
electrolyte to cross the barrier set up by the bilayer and to produce a
faradaic current. In other words, the defects are associated with an
increase in the membrane permeability. Within this framework, the
important role of the electrostatics of the solid substrate/lipid bilayer
system in the presence of valproic acid is readily identified. Thus, an
increase in permeability is the result of alterations of the structure of
the lipid bilayer with a consequent degradation of its insulating prop-
erties. An increase in bilayer permeability correlates with larger vol-
tammetric peak currents. Moreover, impedance-derived parameters
such as resistance and capacitance of the membrane are also very useful
to assess changes in permeability as discussed below. For a detailed
description of how the analysis of the experimental results is performed,
the reader is referred to the work by Wiegand et al (Wiegand et al.,
2002).

Fig. 11 shows voltammograms for Au substrates modified with
supported lipid bilayers of DMPC in buffer Tris 10mM containing KCl
0.1 M at pH=7.4 (black line), and in buffer Tris 10mM containing KCl

Fig. 9. Effect of Valp on the position of the vibrational bands of FTIR for the PO2
− groups in DMPC, in crystalline liquid state (31 °C).

Fig. 10. Raman spectra of multilamellar vesicles of pure DMPC and complexes
Valp:DMPC at room temperature.
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0.1M and valproic acid (Valp) 7mM (green line). The red line plot
corresponds to the voltammetric response of a Au surface in a solution
of buffer Tris 10 mM with KCl 0.1 M and Valp 7mM at pH=7.4. The
scan rate was v= 50mVs−1 and the cathodic and anodic switching
potentials were Es,c= –0.600 V and Es,a= 0.800 V, respectively. A
negligible change of the voltammetric profile for the electrode modified
with the SLB can be observed resulting from the presence of Valp in the
electrolyte. Moreover, no redox reaction related to Valp can be found in
the studied potential window.

The voltammetric response of Au-DMPC can be seen in Fig. 12 to-
gether with the voltammograms for Au electrodes modified with SLBs
of DMPC doped with Valp according to the following three molar ratios:
Valp1:DMPC (0.42:1), Valp2:DMPC (0.84:1) y Valp3:DMPC (1.68:1).
Voltammograms in Fig. 12 were recorded in solution of Tris 10mM and
KCl 0.1M, pH=7.4 at 25 °C. The presence of Valp in the membrane
determines slightly enhanced redox contributions according to the Valp

molar ratio. This suggests that an increase in the number of membrane
defects occurs related to the interaction of Valp with the SLBs.

Impedance spectra are shown in Fig. 13 as Bode plots for the ex-
perimental data together with the results from the fitting procedure.
Experimental spectra were recorded with an Au-DMPC electrode in
solution of buffer Tris 10mM+KCl 0.1M. These data were fitted to the
theoretical impedance of the equivalent circuit shown in Fig. 14.

The equivalent circuit shown in Fig. 14 (Diamanti et al., 2016) was
selected to fit the experimental impedance spectra. It contains a series
connection of the electrolyte resistance R1 and two impedance ele-
ments, each one containing a parallel connection of a capacitance and a
resistance. The lipid membrane parameters are the capacitance C and
the resistance R3. A constant phase element (CPE) Q (corresponding to a
capacitance as a distributed property) in parallel connection with a
resistance R2 represent the impedance of the hydrophilic spacer on top
of which the bilayer membrane is supported, as described above. In this
study the capacitance C and resistance R3 of the bilayer membrane are
the most important parameters to be derive by using EIS.

Fig. 15 shows impedance spectra for Au-DMPC electrodes in solu-
tion of buffer Tris 10mM+KCl 0.1 M+Valp 7mM, at pH=7.4 and
25 °C. Theoretical curves were obtained through data fitting and the
best-fit parameters were assembled in Table 1 together with parameters
corresponding to Au-DMPC electrodes in solution of buffer Tris
10mM+KCl 0.1M in the absence of Valp.

Equation 1shows the relationship between the membrane capaci-
tance C and their related dielectric properties (Flynn et al., 2018)

=C εεo
L (1)

where the dielectric constant of the bilayer ε is a function of the fre-
quency and membrane composition and structure, εo is the dielectric
permittivity of vacuum (9.8542×10−12 F m-1), and L is the thickness
of the membrane. From this equation it is apparent that the membrane

Fig. 11. Cyclic voltammograms for gold electrodes modified with SLBs of
DMPC in solutions of: buffer Tris 10mM containing KCl 0.1M at pH=7.4
(black line) and buffer Tris 10mM containing KCl 0.1M and valproic acid
(Valp) 7mM (green line). Cyclic voltammogram for a gold electrode in buffer
Tris 10mM with KCl 0.1M and Valp 7mM at pH=7.4 (red line). All vol-
tammograms were recorded at a scan rate v= 50mVs−1, at 25 °C in the po-
tential window with Es,c= – 0.6 V and Es,a= 0.8 V scan limit values.

Fig. 12. Voltammograms for Au-DMPC (black) and Au substrates modified with
SLBs of DMPC doped with Valp according to the following three molar ratios:
Valp1:DMPC (0.42:1) (cyan), Valp2:DMPC (0.84:1) (blue) and Valp3:DMPC
(1.68:1) (dark blue). Voltammograms were recorded in solution of Tris 10mM
and KCl 0.1M, at 25 °C with v=50mVs−1, in the scan range from Es,c= – 0.6 V
to Es,a = 0.8 V.

Fig. 13. Bode plots of impedance data (experimental and fitted) for a
Au+DMPC electrode in solution of buffer Tris 10mM+KCl 0.1M.

Fig. 14. Equivalent circuit used in the fitting procedure of experimental im-
pedance spectra recorded for Au substrates modified with a DMPC bilayer.
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capacitance will be affected by changes in both L and ε.
The resistance of the membrane R3 is determined by the electrolyte-

filled pores spanning the bilayer thickness. Thus, we can calculate the
relative pore area fraction as usual:

R3/Ae = ro L/Ap (2)

where, the thickness of the membrane L=5 nm, Ap is the pore area, Ae

is the geometric area of the Au electrode and ro is the resistivity of the
electrolyte solution (16.67 Ω cm) (Cassier et al., 1999). Accordingly,
area ratios Ap/Ae included in Table 1 were calculated according to Eq.
(2).

Fig. 16 displays impedance data for Au substrates modified with
DMPC lipid bilayers which were doped with Valp according to a molar
ratio Valp2:DMPC (0.84:1). The experimental spectrum was recorded in
solution of buffer Tris 10mM+KCl 0.1 M. Theoretical plots result from
data fit to the impedance of the equivalent circuit in Fig. 14.

The best-fit values for the membrane parameters are shown in

Table 2. Experimental impedance spectra were obtained with Au sub-
strates modified with DMPC lipid bilayers doped with Valp according to
three Valp:DMPC molar ratios. Also included in the table is the relative
pore area fraction Ap/Ae. An increase in Ap/Ae can be observed after
doping the membrane with Valp (compare with the value for an un-
doped membrane in Table 1). Also an increase in Ap/Ae results for in-
creasing Valp:DMPC molar ratios.

The interaction of Valp with the studied lipid membranes is char-
acterized by a decrease in the membrane resistance values. This effect is
more marked when the biomolecule is incorporated into the lipid
structure as compared with the situation when Valp is present in the
electrolyte solution.

As for the membrane capacitance, the interaction of Valp with the
lipid membrane results in an increase in its value, for both experimental
conditions (incorporated into the lipid and present in the solution). A
larger membrane capacitance can be understood in terms of a lipid
membrane with a larger number of defects and a larger dielectric
constant (as in the case of the biomolecule incorporation into the hy-
drophobic region of the membrane).

4. Conclusions

No change was observed in the Tm of DMPC when the MLVs are
resuspended in the valproic acid solution, even for long exposure times
after the vesicles were formed. In addition, no modification was de-
tected in the sigmoidal shape of the plot showing the symmetric
stretching of the CH2 group according to the temperature. The Valp in
solution seems to maintain the same conformational characteristics in
the lipid bilayer core with respect to the DMPC pure stabilized in water.
These results suggest that the Valp in solution could stabilize the core
DMPC liposomes under the conditions tested.

On the other hand, complex effects related to Valp incorporation
into the lipid vesicles were observed. As the Valp:DMPC ratio increases
Tm decreases and the phase transition becomes less noticeable. For the
Valp:DMPC complex species a slight decrease in the number of gauche
isomers was observed compared with the number of trans isomers what
corresponds to an increase in the packing density of the acylic chains.
For the Valp:DMPC complex species with a molar ratio larger than 0.6:1
a decrease in the frequency of molecular interactions can be observed.
This effect results from an increase in the rotational and vibrational
degrees of freedom of the terminal methyl groups as the chains are
decoupled. It can be inferred that the incorporation of Valp forming the
Valp: DMPC complexes alters the fluidity of the lipid membrane (order
of the hydrocarbon chains).

In the interphasial region, a displacement of structured water mo-
lecules was observed for the population of the bonded carbonyl group,
with subsequent formation of hydrogen bonds in the gel state. The
percentage of the population of the C=Obond groups in the interphasial
region decreases at low molar ratios, inverting the trend for the highest
molar ratio of the Valp: DMPC complex. This could result in the in-
teraction C]O—Valp, in both gel and crystalline liquid states. Valp
would have greater access to the C]O groups, replacing the water of
hydration in the interphasial region of the lipid with subsequent for-
mation of hydrogen bonds. In the hydrophilic region of the lipid, the
changes observed in the polar head group can be understood as

Fig. 15. Experimental and theoretical Bode plots for Au-DMPC electrodes in
solution of buffer Tris 10mM+KCl 0.1M+Valp 7mM, at pH=7.4 and 25 °C.

Table 1
Best fit parameters derived from the fitting procedure for experimental spectra
in Figs. 13 and 15.

C/F cm−2 R3/Ω cm2 Ap/Ae

Au-DMPC 2.11 10−5 1.80 106 4.63 10−12

Au-DMPC in
(Tris+Valpsol)

6.66 10−5 7.04 104 1.18 10−10

Fig. 16. Experimental and fitted Bode plots for Au substrates modified with
DMPC lipid bilayers doped with Valp according to the molar ratio Valp2:DMPC
(0.84:1). Experimental data were recorded in solution of buffer Tris
10mM+KCl 0.1M. Theoretical plots result from data fitting with the
equivalent circuit in Fig. 14.

Table 2
Best-fit parameters for impedance data of Au substrates modified with DMPC
lipid membranes doped with Valp according to the molar ratios Valp1:DMPC
(0.42:1), Valp2:DMPC (0.84:1) and Valp3:DMPC (1.68:1).

C/Fcm−2 R3/cm2 Ap/Ae

Valp1 2.97 10−5 8.17 104 1.02 10−10

Valp2 7.81 10−5 4.93 104 1.69 10−10

Valp3 6.48 10−5 4.86 104 1.71 10−10
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replacement of water molecules in the hydration layer, specifically in
the PO2

− group, without further formation of hydrogen bonds with
Valp molecules.

The interaction of Valp with the lipid membrane results in lower
values for the membrane resistance, especially in the case when Val was
incorporated into the membrane.

An increase in the capacitance values was observed related to the
interaction of Valp with the lipid membrane under both experimental
conditions, namely, when Valp is incorporated into the lipid and when
it is dissolved in the solution. Larger capacitance values are usually
associated with a larger number of defects and a larger dielectric con-
stant, as in the case of the biomolecule incorporation into the mem-
brane hydrophobic region.

The changes in the capacity of the lipid membrane and in its di-
electric constant, in the presence of Valp molecules, could be related to
the dehydration effect of the polar head groups of the phospholipids in
the Valp: DMPC complexes.
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