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ABSTRACT: The aim of this study is to analyze the
consequences of water redistribution on the structure and
stability of phospholipid bilayers induced by cysteine (Cys).
This interaction is studied with 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) multilamellar vesicles in gel (30
°C) and liquid crystalline (50 °C) state; experimental studies
were performed by means of Fourier transform infrared
(FTIR) spectroscopy, Raman spectroscopy, and differential
scanning calorimetry (DSC). The polar head sites of the lipid
molecules to which water can bind are identified by
competition with compounds that form hydrogen bonds,
such as Cys. FTIR spectroscopy results revealed that there is a
Cys interaction with the phospholipid head groups in the gel
and liquid crystalline phases. Raman spectra were measured in the gel state. They were dominated by vibrations of the fatty acyl
chains, with superposition of a few bands from the head group, and clearly showed that the S−H stretching band of Cys shifted
to lower frequencies with a decrease in its force constant. DSC disclosed an overview of the behavior of the multilamellar vesicles
in the working temperature range (30−50 °C) and showed how the increase of the molar ratios modified the environment of the
polar head and the hydrocarbon chains. A loss of the pretransition (TP) and an increase in the temperature of main transition
(Tm) with increasing Cys/DPPC molar ratio were observed.

1. INTRODUCTION

The objective of this work is to study the interaction of L-
cysteine (Cys) with liposomes of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) (Scheme 1) and characterize the
role of Cys in the modification of topology and hydration of the
lipid membrane. Lipids have traditionally been considered to
play a fairly nonspecific role in biological systems, being rather
dull compared to those assigned to proteins and genes. In fact,
lipids are often tacitly assumed to constitute a less fatty material

structure, which at best is organized in a membrane structure
that plays the role of a passive container of the cell and an
appropriate template for the important molecules of life.
However, lipids are capable of self-assembling in aqueous media
and can create noncovalently linked supramolecular structures
with very peculiar physical properties.1−10

Since lipids are highly solvated by water molecules at their
polar heads, the water structure on the surface of lipid
membranes has a crucial role in biologically important
phenomena like specific recognition of membrane-bound
receptors and transmembrane substance transportation. Bio-
logical systems are subdivided by membranes, whose main
structure stabilizes the lipid bilayer by hydrating phospholipids.
As biological membranes are very complex systems, biomimetic
systems like lipid vesicles (liposomes) have been developed to
study their properties and structure.11,12

Cysteine is a nonessential amino acid that has a thiol group
that enables it to form inter- and intrachain disulfide bonds with
other cysteine residues that give it a primordial role in protein
folding and functioning. Most disulfide linkages are found in
proteins for export or residence on the plasma membrane.13−17
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Scheme 1. Chemical Structures of 1,2-Dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC) and L-Cysteine·HCl
(Cys) Molecules Used in This Study
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The free thiol is the molecular active moiety of these
compounds; this group is susceptible to oxidation to give a
disulfide bridge between two cysteine molecules by a covalent
bond or compete with other molecules with disulfide bridges,
such as glycoproteins, generating the mucolytic effect.18

In a previous work, we observed how it modified the region
of the polar head. This interaction modifies the degree of
hydration of the lipid bilayer by altering some properties of
membranes, such as the transition temperature, permeability,
and fluidity. The water structures in the head group region and
water−hydrocarbon interface can be specific for different types
of biomolecules (drugs) or different aminoacids in peptides that
make water like a sensor to trigger the response of the
biomembranes to external perturbations.19,20

We studied the Cys/DPPC interaction to analyze how Cys
modifies the different phases of the lipids. Studying the specific
interaction with the groups of the hydrophilic and hydrophobic
regions of lipid biology and taking into account that the
changes in the organization of water in the lipid interface could
affect the activity or formation of some proteins, such as
glycoproteins secreted by goblet cells.21−25

In this work, studies were performed by Fourier transform
infrared (FTIR) spectroscopy and Raman spectroscopy
complemented with differential scanning calorimetry (DSC)
measurements to elucidate and explain the complex interaction
of Cys with fully hydrated DPPC.
Raman spectroscopy was used mainly to study the behavior

of the hydrophobic region of the lipid membranes. FTIR
spectroscopy suffers from significant limitations in the spectral
interference of solvents, the resolution, and the activity of the
vibration modes of the hydrocarbon chain and proves to be
inadequate for the study of the subtle molecular changes in the
conformational order. Raman spectroscopy has the unique
ability to provide direct information about the conformational
order nondestructively and free from spectral interference.26

Therefore, these different approaches helped us to better
understand the interaction of Cys with membrane phospholi-
pids and how the lipid bilayer topology is affected by this.

2. EXPERIMENTAL SECTION
2.1. Lipids and Chemicals. Synthetic DPPC with purity

>99%, L-cysteine, and HCl were purchased from Sigma-Aldrich
Inc. (St. Louis, MO). Purity was checked by thin-layer
chromatography, and lipids were used without further
purification. L-Cysteine, HCl purities were checked by FTIR
spectra. All other chemicals were of analytical grade, and water
(Milli-Q) was employed in all of the experiments.
2.1.1. Multilamellar Vesicles (MLVs) Preparation. Multi-

lamellar vesicles (MLVs) were prepared following Bangham’s
method27 to study the Cys and DPPC interaction. The
phospholipids in chloroform solutions were dried under a
nitrogen stream to form a homogeneous film, which was left for
24 h under vacuum to ensure proper solvent removal. Lipids
were first rehydrated and then suspended by vortexing in
deionized water (Milli-Q) or D2O and in solutions of different
concentrations of Cys in H2O (Milli-Q) or D2O (25, 50, 75,
100, 150, and 200 mM) at 10 °C higher than the lipid-
transition temperature (Tm = 41 °C). Mechanical dispersion of
the hydrated lipid film was achieved under vigorous shaking for
15 min, resulting in an opalescent suspension of multilamellar
vesicles (MLVs). MLV final concentration was 50 mg/mL.
2.1.2. FTIR Measurements. FTIR measurements were

carried out in a PerkinElmer GX spectrophotometer provided

with a DTGS detector constantly purged with dry air. Cys
interaction with phospholipid head groups and hydrocarbon
chains of the hydrophobic region in hydrated state was studied
by dispersing the lipid and Cys/DPPC samples at different
molar ratios, first in D2O and then in H2O. Spectra were
registered in D2O to assign the CO stretching mode
frequency (νCO) and in H2O to assign the antisymmetric
stretching mode of the phosphate group (νaPO2

−). The spectra
were acquired in a demountable cell with ZnSe windows for
liquid samples. Cell temperature was controlled using a Peltier-
type system with an accuracy of ±0.5 °C. The resolution of the
equipment employed was 1 cm−1. All samples were left at room
temperature for 1 h before measurements. The working
temperature range was 30−50 ± 0.5 °C. A total of 256 scans
were made in each condition, and the spectra were analyzed
using the OMNIC v.8.0 mathematical software provided by the
manufacturer. Mean values of the main bands in each condition
(hydrated states) were obtained from three different batches of
samples. The standard deviation of the wavenumber shift
calculated from this pool of data was about ±1.5 cm−1 in all of
the conditions assayed.
The Fourier self-deconvolution algorithm was applied to

define the contours of overlapping bands. Accurate wave-
numbers of the center of gravity of CO stretching
component bands were obtained by using bandwidth
parameters between 18 and 20 cm−1 and band-narrowing
factors of 1.6−2.2, followed by curve fitting to obtain band
intensities.
The shifts of these two populations were studied as a

function of Cys concentration in gel (Lβ′) and liquid crystalline
phase (Lα). The bands of normal modes corresponding to the
CO and PO2

− groups of the Cys/DPPC complex were
assigned in comparison to the spectra of pure lipid and Cys in
the aqueous solution. Cys/DPPC spectra were obtained by
dispersing the lipid in Cys aqueous solutions, from which the
spectrum of pure Cys aqueous solution was subtracted.

2.1.3. Raman Measurements. The vibrational Raman
spectra of DPPC dispersed in a Cys aqueous solution were
recorded using a confocal Thermo Scientific DXR Raman
microscope equipped with a high-resolution motorized platen, a
set of Olympus optical objectives, a lighting module bright-
field/dark-field trinocular viewer, an Olympus camera of 2048
pixels with charge-coupled device detector, and an OMNIC
Atlμs mapping software of advanced features cooled by a Peltier
module. The confocal system was real, with an opening/hole
matched with the point of symmetry of the excitation laser. The
standard spatial resolution was better than 1 μm.
The samples were placed on gold-coated sample slides. To

achieve a sufficient signal-to-noise ratio, 100 acquisitions of 5 s
exposure time were accumulated for all samples. Laser power
was 10 mW, and laser wavelength was 532 nm. The liquid
sample was placed in a glass cuvette. All spectroscopic
experiments were carried out at ambient temperature. The
spectra were analyzed using the OMNIC program for
dispersive Raman spectroscopy.

2.1.4. DSC Measurements. Calorimetry was performed on a
PerkinElmer DSC6 differential scanning calorimeter. A scan
rate of 2 °C/min was used for all samples. Sample runs were
repeated at least three times to ensure reproducibility.
Data acquisition and analysis were done using data from the

DSC by integrating the peak with the Pyris 6 software, provided
with the set, and Origin software (Microcal). The total lipid
concentrations used for the DSC analyses were about 50 mg/
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mL for the Cys-phospholipid mixtures containing about 20 g
H2O/1 g lipid.28 Samples containing Cys alone, dissolved in
water (Milli-Q) at amino acid concentrations corresponding to
those of the highest Cys/DPPC molar ratios studied (2.93:1),
exhibited no thermal events in the 20−75 °C temperature
range. This indicates that Cys does not decompose at this
temperature range and that the endothermic events observed in
this study arise exclusively from phase transitions of the
phospholipid vesicles (Figure 1).

The experiments were carried out using 20 μL of sample in
sealed aluminum pans. The instrument was calibrated with
indium standard samples. Enthalpy changes associated to phase
transition temperature of the samples (ΔH) were obtained

from the DSC data by integrating the peak using the Pyris 6
software provided with the set. Entropy changes related to
phase transition were finally determined with the relation ΔS =
ΔH/T.

3. RESULTS AND DISCUSSION

3.1. Hydrophobic Region. 3.1.1. FTIR Measurements.
The interactions of Cys with lipid membranes of DPPC were
studied by Fourier transform infrared spectroscopy. Detailed
information about the molecular interactions can be obtained
for hydrated liposomes in the gel (Lβ) and liquid crystalline
(Lα) phases. Furthermore, thermal phase transition can be
monitored by following changes in the wavenumber of the CH2
symmetric stretching. These changes increase as the acyl chains
melt and the number of gauche conformers increases. In the
literature,29 the CH2 symmetric stretching around 2850 cm−1 is
of special significance because of its sensitivity to the changes in
mobility in the conformational disorder of hydrocarbon chains.
The phase change that takes place when the hydrocarbon

chains of the hydrophobic center melt during the gel transition
(Lβ) and liquid crystalline (Lα) phases of the phospholipids is
reflected in the infrared spectra as a jump toward a higher
wavenumber of the νsCH2 mode (Figures 2 and S1). This
wavenumber jump coincides with the phospholipid transition
temperature (Tm).

30,31

The transition temperature for the pure DPPC and the
mixtures with Cys can be seen in Figure 2. The value reported
in the literature for the Tm of pure DPPC is 41.5 °C and
presents significant changes with the increase in molar relations
of Cys/DPPC. These values suggest that the interaction of
cysteine with DPPC would stabilize the gel phase, causing the
flow toward higher values of temperature (Table S1) for the
Cys/DPPC complex at different molar ratios in D2O and H2O.
Wavenumber changes of symmetric and antisymmetric

stretching vibrations of the CH3 and CH2 groups and
deformation bands of the CH2 group inside the lipid bilayer
were not significant within the experimental error in the gel
state. In the liquid crystalline state, we could observe a shift to

Figure 1. DSC heating (red arrow) and cooling (blue arrow) scans
(scan rate, 2 °C/min) of DPPC alone and heating and cooling
thermograms illustrating the effect of the exposure to high temperature
on the thermotropic phase behavior of DPPC multilamellar vesicles at
a Cys/DPPC molar ratio of 2.93:1. Heating scans of the 200 mM Cys
solution are illustrated in A−C for comparison.

Figure 2. Changes in the wavenumber of the CH2 symmetric stretching in Cys/DPPC (at different molar ratios) liposomes as a function of
temperature.
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lower wavenumber in symmetric and antisymmetric stretchings
of the CH2 group (Table S2).
3.1.2. Raman Measurements. Conformational order is not

easily assessed from infrared spectroscopy due to limited
resolution, inactivity, weakness of major alkane vibrational
modes, and poor experimental sensitivity compared to the
results presented here for Raman spectroscopy. The Raman
spectrum of phospholipid was dominated by vibrations of the
fatty acyl chains, with superposition of a few bands from the
head group.32 Raman spectroscopy shows three regions of
interest in the spectrum of pure DPPC. They are C−H
stretching modes (3000−2800 cm−1), CH3 and CH2
deformation modes (1400−1200 cm−1), and a C−C stretching
mode (1200−1000 cm−1). The relationships between the
intensities of these bands are very useful for the determinations
of the different chain forms.
The symmetric and antisymmetric vibrational stretching

modes of the CH3 and CH2 groups can be clearly seen in the
region of the Raman spectrum between 3000 and 2800 cm−1

(Table S3 and Figure 3).
No significant changes were found in the νCH3 frequencies

of the complex with respect to pure DPPC because these
displacements are within the experimental error, but we could
see a shift toward lower frequencies for the CH2 group
stretching modes.
The frequencies where the νsCH2 and νaCH2 modes were

observed reflect conformational order and interchain coupling;
these modes were detected at 2850 and 2884 cm−1,
respectively, for DPPC in the gel state and decreased by 4−8
cm−1 in the Cys/DPPC complex, which implies a decrease in
the C−H force constant of the CH2 group. The chains would
thus have greater freedom of movement.29

Chain coupling information can also be obtained from the
intensity ratio of νsCH3 at 2935 cm−1 to νsCH2 at 2850 cm−1.
As the chains decouple (intermolecular interactions decrease),
the terminal methyl groups experience increased rotational and
vibrational freedom. In this case, there is no significant shift in
the gel state.26,33−35

The high intensity ratios I2884/I2850 (IνaCH2/IνsCH2) that
indicate the interactions between the alkyl chains and their

conformations are of interest. More specifically, these ratios can
be used as an index of the disorder and order change of
proportion in the conformation of the alkyl chain.
The results of the experiments carried out with increasing

concentrations of the Cys/DPPC complex at 30 °C are shown
in Figure 4.

The I2884/I2850 intensity ratios among these vibrations are
indicative of the acyl chain rotational disorder and intermo-
lecular chain coupling. In addition, the wavenumbers of the
νsCH2 and νaCH2 bands also reflect conformational order and
interchain coupling (generally, wavenumber shifts toward
higher values mean an increase in the decoupling of the
chains). These results show that there is no increase in the
intensity ratio at the molar ratios studied.19,20,26,33

The δCH2 and τCH2 bands corresponding to Cys/DPPC are
shifted toward lower frequencies with respect to the pure
DPPC in the Raman spectrum for all molar ratios (Table S4

Figure 3. Peak assignment of the Raman spectrum of Cys/DPPC complex in the 3000 cm−1 region.

Figure 4. Intensity ratio of νa(CH2) to νs(CH2), ν(C−C)G to ν(C−
C)T, and νs(CH3) to νs(CH2) as a function of the molar ratio of Cys/
DPPC in gel state (30 °C).
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and Figure 5). The frequency of these modes has also been
associated with the degree of coupling between alkane chains,
whereas the decoupling has been correlated with a frequency
increase of this mode.24 In this case, the Cys/DPPC interaction
shows a frequency shift toward lower values, which would
indicate decrease in chain order due to the presence of Cys.
This behavior corresponds to an increase in the above-reported
transition temperature that would indicate a stabilization of the
gel phase (Lβ).

29

The region at 1300−1000 cm−1 includes the C−C bond
stretching vibrations of the alkyl chains of the phospholipids
(Figures 4 and 5 and Table S4). The band at 1066 cm−1 is
attributed to the stretching vibration of the C−C bond for the
trans conformations of the alkyl chains, whereas the band at
1099 cm−1 is attributed to the stretching vibration of the C−C
bond for the gauche conformations of the alkyl chains. The
high intensity ratios of these bands, I1099/I1066, also provide
information about the disorder and order proportion that exists
in the conformation of the alkyl chain. Both changes of band
positions and intensity ratio of trans bands to gauche describe

well the conformational state of alkyl chains and the gauche/
trans population conformation of phospholipids.26

The increase in trans conformers is indicated by the increase
in the value of I[ν(C−C)G]/I[ν(C−C)T].26 At all molar ratios,
there were no significant changes compared to pure DDPC.

3.2. Hydrophilic DPPC or Interphase Region.
3.2.1. FTIR Measurements. The hydrophilic region36 may be
characterized by FTIR spectra of the Cys/DPPC systems. This
region is strongly dependent on the state of hydration and is
susceptible to hydrogen bonding. The bands were assigned to
the carbonyl and phosphate groups by comparison with pure
lipids dispersed in D2O and H2O, respectively.

CO Group. The band corresponding to the carbonyl
group for diacyl lipids can be decomposed into at least two
components that correspond to the vibrational modes of
nonbonded (free) and H-bonded (bond) conformers of the
CO group. The nonbonded vibrational mode that appears at
higher wavenumbers (1742−1740 cm−1) was assigned to the
free νCO groups (νCOfree), whereas the H-bonded
vibrational mode that appears at lower wavenumbers (∼1728
cm−1) was attributed to the νCO vibration of H-bonded

Figure 5. Raman spectra of Cys/DPPC complex (gel state, 30 °C) in the 1500−1000 cm−1 region.

Figure 6. Wavenumber variation of the CO stretching in connection with increasing Cys/DPPC molar ratio.
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conformers (νCO bond).
36,37 In the FTIR and Raman spectra

in the anhydrous state, a very intense band observed at 1748
cm−1 was assigned to the CO stretching mode. In the water
solution Raman spectrum, this band appears at about 1747
cm−1.38−41 In Figure 6, the effect of Cys at 30 °C, gel phase,
and at 50 °C, liquid crystalline phase, was analyzed.
With the objective of investigating how Cys affects the region

of the carbonyl groups of the lipid, the main band of the
carbonyl group (located at ∼1739 cm−1) was deconvolved in
three components: νCObond, νCOfree, and νCOCys

(Figure S2). Assuming that the relative area of a band
component is proportional to the respective conformer
population, it can be concluded that the populations of C
Obond and COfree conformers change upon addition of Cys.
The COfree band intensity decreases with increase in molar
ratio, whereas the CObond population intensity reaches its
maximum value for the 1.10:1.0 ratio in the gel state. We think
this concentration would be a critical value in the interaction of
amino acid with the lipid in the interphasial region of the
membrane.19 Otherwise, in the liquid crystalline state, the
intensity band of the CObond population increases with
increase in the molar ratio of the complex Cys/DPPC, whereas

COfree population intensity reaches its minimum value
(Figure S2).
The exposure of the carbonyls to the aqueous phase is

different for each phase state. This is observed by the
asymmetry that the band corresponding to the carbonyl
group presents when it goes from the gel to liquid crystalline
state.29

In the literature, the wavenumbers of the component bands
reported for the two populations of the carbonyl group are the
nonhydrated (free) (centered at 1743 cm−1) and hydrated
(bond) populations (1724 cm−1) in the gel state and the
nonhydrated (1737 cm−1) and hydrated (1722 cm−1)
populations in the fluid state.36,37

The carbonyl stretching band could be assigned to the two
populations by deconvolution: νCOfree (1737 cm−1) and
νCObond (1729 cm−1) at 30 °C, and νCOfree (1729 cm−1)
and νCObond (1723 cm−1) at 50 °C for pure DPPC in D2O
(Figures S2 and S3 and Table S5).
A significant shift of the bands of both populations to higher

wavenumbers was observed with an increase in the Cys/DPPC
molar ratio at two operating temperatures: 30 °C (gel state)
and 50 °C (liquid crystalline state) (Table S5).

Figure 7. Effect of Cys on the position of the vibrational bands of FTIR for the PO2
− groups in DPPC at 30 °C (gel state).
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This shift may occur because the polar groups are more
hydrated in the fluid state, making water displacement easier for
Cys. In Table S5 and Figure 6, the wavenumber displacements
in connection with pure DPPC may be seen in the two states. A
displacement toward higher wavenumbers with an increase in
the Cys/DPPC molar ratio for both CO populations was
observed in the gel state. This would imply a loss of water
molecules that would be more significant for the COfree

population, reaching a maximum of 7 cm−1 to the 1.10:1.0
molar ratio. In the liquid crystalline state, there is a
wavenumber increase in the νCObond and νCOfree populations
as the Cys/DPPC molar ratio increases in all ranges. The
effects of Cys on the carbonyl group in DPPC liposomes in the
liquid crystalline state (50 °C) are more notable than that
observed in the gel state (50 °C). There is a maximum shift of
16 cm−1 for the νCOfree population. This behavior would
suggest a displacement of hydration water molecules without
subsequent formation of CO−Cys hydrogen bonds. In
addition, conformational changes in the head groups may
contribute to the differences observed in the CO spectra.19

PO2
− Group. Figure 7 shows the FTIR spectra correspond-

ing to pure DPPC and Cys/DPPC hydrated liposome
complexes in the region of the stretching mode of the
phosphate group at 30 °C (gel state) and 50 °C (liquid
crystalline state). These bands appear in the 1245−1090 cm−1

region.
The FTIR spectra corresponding to lyophilized and hydrated

DPPC liposomes in the stretch-mode region of the phosphate
group are shown in Figure S4. The PO2

− asymmetric stretching
appears at 1243 cm−1 like a broad and intense band with a
shoulder at 1224 cm−1 corresponding to the wagging of
CH2.

30,31 When liposomes are hydrated, the band at 1243 cm−1

is observed to decrease in intensity, whereas the shoulder at
1224 cm−1 becomes a band of considerable intensity. It is
widely accepted that the wavenumber of the PO2

− antisym-
metric stretching (νaPO2

−) vibration is very sensitive to lipid
hydration mainly because of direct H-bonding to the
phosphate-charged oxygen. Anhydrous lipid hydration displaces
the band of the antisymmetric phosphate stretching to lower
frequencies with increasing H-bonding.39−45

Figure 8. Infrared spectra of the symmetric and antisymmetric PO2
− stretching vibrational modes as a function of Cys/DPPC molar ratio in gel and

liquid crystalline states.

Figure 9. Raman spectrum of the DPPC, Cys, and different Cys/DPPC molar ratios in gel state at 30 °C.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b01721
J. Phys. Chem. B 2018, 122, 5193−5204

5199

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b01721/suppl_file/jp8b01721_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b01721/suppl_file/jp8b01721_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b01721


A shift toward lower wavenumbers was observed in Figure 8
(Table S5) when Cys was added to hydrated DPPC bilayers in
the gel and liquid crystalline phases. Anhydrous lipid hydration
displaces the band of the antisymmetric phosphate stretching to
lower frequencies with increasing H-bonding.36,39−43 The same
trend is observed when Cys is added to hydrated DPPC
bilayers, thus suggesting that the Cys−phosphate interaction is
like the water/phosphate interaction in both states (Table S5).
In the gel state, the change induced by Cys is more attenuated
than in the fluid state, where the amino acid displaces the band
of the antisymmetric phosphate stretching until 13 cm−1 at
2.93:1.0. The extent of the shift is an indicator of the number
and strength of the H-bonds.28 The PO2

− symmetric stretching
vibration band is slightly affected within the experimental error
in both cases. However, this band is shifted 5 and 9 cm−1

toward lower values at 2.20:1.0 and 2.93:1.0 Cys/DPPC molar
ratios, respectively.
The fluid state, although more hydrated, would facilitate

water displacement by the insertion of Cys as the Cys/DPPC
molar ratio increases. This would suggest that the phosphate−
Cys interaction is stronger than the phosphate−water
interaction. The above results simply prove that Cys would
induce two effects: dehydration of the phosphate groups and
subsequent formation of H-bond.
Thus, Cys molecule interaction could be affected by the

different hydration levels present in the phosphate groups of
both states.
3.2.2. Raman Measurements. Two bands, clearly identifi-

able because of the thiol group, may be seen in the Raman
spectra of different Cys/DPPC molar ratios: they are the S−H
and C−S stretchings. This band is sensitive to dilution.34,46

Thus, the observed shifts of the S−H stretching band are due to
S−H group interactions with some of the nucleophilic groups
of the lipid membrane.19

S−H, C−N, and C−S Stretching Modes. The S−H
stretching mode may be assigned to the band centered at
2559 cm−1 in the spectrum of the solid46 by Raman
spectroscopy. In solution, this band appears at a higher
wavenumber (2578 cm−1) because solvation of the Cl− ion
disrupts the hydrogen bonding between the SH group
molecules and the chlorine atom of HCl.19 In the gel state,
this band (νS−H) appears very weak at 2575 cm−1 with a
shoulder at 2565 cm−1 from the 1.10:1.0 to 2.93:1.0 molar ratio,
with an increase in intensity directly related to the increase in
Cys/DPPC molar ratios (Figure 9). A shift to a lower
wavenumber (3 cm−1) for the first band would indicate a
weakening of the S−H force constant. The shoulder of these
ratios is due to a lengthening of the S−H bond because of the
formation of a hydrogen bond with some electronegative
groups of the lipid bilayer (Figure 9).
The presence of a band at 485 cm−1 is observed in the

Raman spectra at molar ratios 0.37:1.0, 0.73:1.0, and 1.10:1.0
with a growing intensity as the Cys/DPPC increases in molar
ratio. This band is observed in the Cys−Cys dimmer and
corresponds to νS−S.46
A small increase in the transition temperature is observed in

addition to these molar ratios. If we relate this behavior with a
minor frequency deviation of the symmetric stretching PO2

−

group, it may be assumed that this group could act as an
oxidizing cysteine agent, resulting in an S− anion and
subsequent formation of the dimer. Only the presence of the
dimer for these molar ratios may be observed due to a
nonmonotonic behavior of the lipid membrane.19,46

An intense band corresponding to the C−S stretching mode
of the Cys water solution at 681 cm−1 is observed for all molar
ratios in the gel state in the 800−600 cm−1 region.19,20,46

The interaction of water with the choline groups (N−(CH3)3
and C−N) has been studied with different phospholipids in the
literature. The peaks observed at 3042 and 720 cm−1 represent
the stretching vibration of the N−(CH3)3 and C−N bond of
the DPPC choline group in the gel state (Figure 9).
Hydrogen bonding between water and the choline group is

not possible due to the positive charge of nitrogen. However,
the choline group is associated with water molecules by dipole
interactions,43 and an interaction with Cys could cause a shift in
the position of this vibration because of the zwitterion nature of
the amino acid.
The results of the analysis in the νCH3 region (Figure 3 and

Table S3) reveal a strong interaction between the Cys and the
chlorine group, with a displacement of the νN−(CH3)3
frequencies of about 10 cm−1. The intensity changes of the
peak at 715−711 cm−1 (Table S6) indicate a significant
interaction between the choline head group and the Cys
nucleophilic group, which is of the same strength independ-
ently of Cys concentration.

3.3. Differential Scanning Calorimetry Study. DSC
measurements were performed to obtain a more complete
picture of the phase behavior of the different Cys/DPPC molar
ratios for hydrated liposomes. The parameters analyzed in the
thermograms obtained were Tm, ΔHcal, ΔT1/2, and ΔS (Table 1

and Figures S5 and S6). Phase transition temperature, generally
Tm, is the one where specific heat excess reaches a maximum.
For a symmetric curve, Tm represents the temperature at which
the transition from the gel to liquid crystalline state is complete.
The area below the DSC thermogram curve is a direct
measurement of the calorimetric determination of the phase
transition enthalpy, ΔHcal. The cooperative unit is the ratio of
van’t Hoff and calorimetric enthalpies. The units of ΔHvH and
ΔHcal are energy/cooperative unit and energy/mole unit,
respectively, and the ratio ΔHvH/ΔHcal gives the value of
molecules per cooperative unit

= Δ ΔH HC. U. /vH cal

The larger the value of C.U., the more cooperative the phase
transition. Therefore, cooperative phase transitions have larger
ΔHvH. The value of ΔT1/2 can be used as a qualitative measure
of molecular cooperativity. Wider peaks correspond to less
cooperative phase transitions. The use of this concept for lipid
bilayers is controversial, but the value of C.U. can give a relative

Table 1. Calorimetric Parameters Analyzed for the Different
Samples Studieda

molar ratio
Cys/DPPC

Tm
(°C)

ΔHcal
(J/mol)

ΔT1/2
(°C)

ΔS
(J/mol K)

ΔHVH
(J/mol) C.U.

0.00:1.0 41.95 74.0 0.6 0.2 12049.8 162.9
0.37:1.0 44.08 463.7 1.8 1.5 12160.9 26.2
0.73:1.0 44.49 464.3 1.5 1.5 12205.3 26.3
1.10:1.0 44.47 590.8 4.6 1.9 12260.3 20.4
1.47:1.0 47.73 781.9 4.5 2.4 12323.2 15.8
2.23:1.0 46.72 1236.9 5.0 3.9 12223.8 9.9
2.93:1.0 47.62 1805.2 4.6 5.5 13016.1 7.2

aTm, transition temperature; ΔHcal, transition enthalpy; ΔT1/2, mean
height width of the principal transition; ΔS, transition entropy; ΔHvH,
van’t Hoff enthalpies; and C.U., cooperative unit.
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measure of the cooperativity of the bilayer phase transi-
tion.47−52

The first pronounced effect of Cys was on the phase
transition behavior of DPPC. The lamellar gel (Lβ) to lamellar
liquid crystalline (Lα) chain melting phase transition (Tm), a
cooperative phase transition, covers the conversion of a highly
ordered gel state to a relatively disordered liquid crystalline
bilayer. The incorporation of Cys in the phospholipid
membrane altered the phase transition temperature and
broadened the thermotropic peak, which indicates the
occurrence of less motional freedom at higher temperatures
in the presence of Cys (Figure S6).
Cooperativity or sharpness of the transition from the gel to

liquid crystalline phase can also be evaluated. Phase transition
sharpness is often expressed as the width of the mean height of
the main transition, ΔT1/2. The entropic change associated to
phase transition may be calculated by the following formula: ΔS
= ΔHcal/Tm.

48,49

Pure DPPC thermograms and the different mixtures are
shown in Figure S6, where it is possible to appreciate how the
parameters analyzed change when the Cys/DPPC molar ratio
increases. The pure DPPC thermogram (Figure S6) clearly
shows two sharp endothermic peaks of different intensities: the
lower one at 35.54 °C (Tp) and the higher one at 41.95 °C
(Tm), which correspond to the pretransition (Lβ′ to Pβ′) and
main phase transition (Pβ′ to Lα), respectively.
The first peak presents a low transition enthalpy (9.82 J/

mol) attributed to phospholipid polar head mobility, whereas
the second enthalpy was assigned to hydrocarbon chain
movement (Table 1).50

The pretransition peak at 35.54 °C (Tp) disappears with the
incorporation of cysteine, whereas multicomponents appear
when increasing Cys concentration. Its presence produces a
significant shift toward higher temperatures in Tm from 0.37
(44.08 °C) to 2.93 (47.62 °C), and the Cys/DPPC molar ratio
was observed with respect to the main transition at 41.95 °C
(Tm) for pure DPPC (Figure S6 and Table 1). This would be
due to Cys partition into the membrane because the lipid
molecules need more energy to carry out the phase change.
These results are in agreement with those observed by FTIR
spectra within the experimental error (Table S1). Shifts in both
directions in Tm were reported in previous studies with different
drugs.51−54

Table 1 shows how the ΔHcal value increases with increase in
the Cys/DPPC molar ratio; a similar behavior was observed for
the ΔS values for all of the series.
The last parameter analyzed was the mean height width of

the principal transition (ΔT1/2), which is also very sensitive to
the presence of any additives and it may indicate the changes in
cooperativity. The cooperativity is inversely proportional to
ΔT1/2. The addition of Cys broadened the calorimetric peaks
and provided more asymmetric peaks (Figure S6), indicating a
decrease in the transition cooperativity. These values increase
compared to pure DPPC (Table 1 and Figures 1 and S6).
The polar interactions in the interphasial region of

phospholipids and hydrophobic interactions between alkyl
chains might be blocked by the addition of the drug. This may
cause the formation of different regions in terms of interactions.
As a result of these different regions, lipids do not melt at the
same temperature and the transition zone broadens.55−58

With the Origin program, it is possible to fit the thermogram
peaks and we may see that different Cys/DPPC molar ratios
were formed by more than one component and, in some cases,

there are up to three overlapping components. This signal
overlap may be explained by the lateral phase separation, where
the presence of islands or pure DPPC domains carry out a
quasi-normal phase transition and there are other Cys/DPPC
mixture domains that perform a phase transition at a higher
temperature.50

4. CONCLUSIONS
In the hydrophilic region of the lipid, polar head the shifts
observed in the PO2

− asymmetric vibrations may be under-
stood as changes in the order of water molecules in the
hydration shell of the head group. The Cys effect on the
phosphate group is observed: Cys−PO2

− interaction would be
higher than the H2O−PO2

− interaction replacing hydration
water molecules more easily in the liquid crystalline state.
A water molecule displacement without later formation of a

hydrogen bond is observed in the gel and liquid crystalline
states in both CO group populations in the interphase
region.
The ripple phase Pβ occurs just below the main transition in

saturated phosphatidylcholines, and its appearance is sensitive
to the addition of various biomolecules. DSC shows the
transition temperature displacement toward higher temper-
atures, the pretransition loss, and a diminishing cooperativity in
the membrane with the Cys/DPPC molar ratio increase.
Concentration-dependent and asymmetric broadening of

transition peaks was seen by increasing Cys concentration.
Increase in the main transition enthalpy (ΔHcal) values was
observed with incorporation of different molar relationships of
Cys into DPPC membranes. The enthalpy change associated
with the main lipid chain melting is related to molecular
packing of the alkyl chain.
Our FTIR and DSC results revealed a DPPC and Cys

interaction. So, an increase in both Tm and ΔHcal of the gel to
liquid crystalline phase transition of DPPC in the presence of
Cys would indicate that stability of phospholipid bilayer in the
gel phase increases because of Cys partition in the lipid.
Moreover, we observed a nonmonotonic behavior of the

cysteine−lipid membrane interaction. This action could be due
to the mismatch of the membrane by reordering hydration
water in the lipid interphase. Thus, an energetically unfavorable
penalty would result at the interphase where the two networks
join. According to this value, Cys is hydrophilic (log P low),
suggesting that the strongest Cys/DPPC interactions occur at
the level of the polar head groups rather than in the membrane
core. We attribute the nonmonotonic behavior of PO2−Cys
coupled with dehydration observed in the carbonyl groups to
the possible formation of defects in the bilayer caused by a very
high Cys/lipid ratio. The phosphate ion deprotonates the S−H
site of the Cys, observing the formation of the S−S bond by the
appearance of this band, since the S− site is the nucleophilic
center of this amino acid.
The bioavailabilities of the thiol (SH) and amino (NH) sites

of the molecules of Cys in the membranes are comparable,
since they possess the same acid strength. This is due to the
inductive effect of the carboxylic group on the rest of the
molecule. This effect on the esterified derivatives of Cys
(methyl and ethyl cysteine) is lower, and both thiol and amino
groups do not have comparable acidic strength. In this context,
Cys has more probable sites for nucleophilic attacks, being its
interaction more effective in the interphase region of the lipid
membrane. In this way, Cys would promote an important effect
decreasing the fluidity of the membrane. This results in a
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progressive increase in the bandwidth of the thermogram
(ΔT1/2) with the concentration of the Cys and phase
transitions of the less cooperative lipid bilayer.
The heuristic diagram in Figure 10 shows that the Cys

molecules would be accommodated in the interphase region of

the lipid bilayer. The molecular dynamics simulations in a
future study will also support Cys adsorption on DPPC and its
specific interaction with the phosphate groups.
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