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a b s t r a c t

The present work investigates the detailed molecular structure of the HII mesophase of
GMO/tricaprylin/phosphatidylcholine/water system in the presence of hydrophobic model peptide
Cyclosporin A (CSA) via ATR-FTIR analysis. The conformation of the peptide in the hexagonal mesophase,
as well as its location and specific interactions with the components of the carrier, were studied. Incorpo-
ration of phosphatidylcholine to the ternary GMO/tricaprylin/water system caused competition for water
binding between the hydroxyl groups of GMO and the phosphate groups of the phosphatidylcholine (PC)
leading to dehydration of the GMO hydroxyls in favor of phospholipid hydration. Analysis of CSA solubi-
lization effect on the HII mesophase revealed a significant increase in the strength of hydrogen bonding
with surfactant hydrogen-bonded carbonyls, indicating interaction of the peptide with the C O groups of
the surfactants. The peptide probably caused partial replacement of the intramolecular hydrogen bonds
hosphatidylcholine
yclosporin A
TR-FTIR

of the mesophase carbonyl groups with intermolecular hydrogen bonds of these carbonyl groups with
the peptide. Furthermore, analysis of the Amide I’ peak in the FTIR spectra of the peptide demonstrated
that two pairs of its internal hydrogen bonds are disrupted when it is incorporated. The partial disrup-
tion of the internal hydrogen bonds seems to cause an outward rotation of the peptide amide groups
involved, resulting in more efficient intermolecular hydrogen-bonding ability. Apparently, this conforma-
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. Introduction

Polar lipids are an important group of biocompatible
mphiphiles, with applications in several fields, such as food
ystems (Sagalowicz et al., 2006a), the synthesis of template-
rdered materials (Bender et al., 2007; Dan-Dan et al., 2008)
nd various pharmaceutical applications (Drummond and Fong,
999; Clogston and Caffrey, 2005; Shah and Paradkar, 2005; Farkas
t al., 2007; Efrat et al., 2008). Lipids and nonionic surfactants
xhibit rich phase behavior depending on the composition of the

hysicochemical conditions. The most common lyotropic liquid
rystalline phases are lamellar (L�), hexagonal (normal, [H1] or
nverted [HII]) and normal or inverted cubic (bicontinuous or

icellar) structures (Larsson, 1989; Qiu and Caffrey, 2000).

∗ Corresponding author. Tel.: +972 2 658 6574/5; fax: +972 2 652 0262.
E-mail address: garti@vms.huji.ac.il (N. Garti).

1 The results presented in this manuscript will appear in the Ph.D. dissertation
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rophilic properties of CSA, even making it susceptible to a weak interaction
in the interfacial region.

© 2008 Elsevier B.V. All rights reserved.

Reverse hexagonal lyotropic liquid crystals (HII) seem to be
romising candidates as alternative delivery vehicles for pharma-
euticals due to their special structural properties. These structures
an accommodate biologically active molecules either within the
queous domains, composed of dense packed, infinitely long and
traight water-filled rods, or by direct interaction within the lipid
ydrophobic moieties, orientated radially outward from the cen-
ers of the water rods (Fig. 1) (Amar-Yuli et al., 2007a; Libster et al.,
008). Due to these properties, HII mesophases can be specifically
sed to solubilize and transport therapeutic peptides and proteins
y both oral and transdermal routes. Moreover, these liquid crys-
alline phases retain its internal structure, morphology and stability
pon high water concentration (∼95 wt%), which correspond to oral
elivery conditions (Amar-Yuli et al., 2007a). When delivered as

s, without a protecting carrier, biomacromolecules are susceptible
o cleavage by a large array of human proteases and they, there-

ore, usually display poor bioavailability (Gabizon et al., 2003; Getie
t al., 2005). The practical application and the specific solubility
otential of poorly water soluble drugs and their release from HII
esophases was recently demonstrated in vitro and in vivo for sev-

ral such biomolecules, including vitamin K (Lopes et al., 2007),

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:garti@vms.huji.ac.il
dx.doi.org/10.1016/j.ijpharm.2008.09.048
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ig. 1. Schematic presentation of HII mesophase, illustrating the packing of infinitely
ong water-filled rods, surrounded by lipid layers.

innarizine (Boyd et al., 2007), paclitaxel and irinotecan (Boyd et
l., 2006), progesterone (Swarnakar et al., 2007) and cyclosporin A
Lopes et al., 2006a,b).

Cyclosporin A (CSA) (Fig. 2) is a highly lipophilic, 11 amino acid
yclic peptide, recognized as one of the most effective immunosup-
ressive agents used for transplantation medicine and dermatology
Aliabadi et al., 2007; Woo et al., 2007; Zidan et al., 2007; Song
t al., 2008). Nevertheless, oral administration of this cyclic pep-
ide is limited by its low bioavailability (Gursoy and Benita, 2004).
lthough several dedicated delivery systems for CSA have been
eveloped, their overall performance and efficacy are yet to be

mproved. In particular, there is still a specific requirement for con-
rolled release systems to maintain the blood levels of the drug
ithin the therapeutic range for significantly longer durations than

re possible at present (Italia et al., 2006; Liu et al., 2007). The
mmunosuppressive effect, as well as the side effects of CSA, is
hought to be influenced by the partitioning of the molecule into
he membrane bilayer (Legrue et al., 1983; Lambros and Rahman,
004).

A number of studies aimed to explore the binding and release
f CSA to liposomal membranes and the pharmacokinetic impact
f such processes (Fahr and Seelig, 2001; Fahr et al., 2005). As a
ighly lipophilic drug, CSA is expected to be intercalated deeply

nto the hydrophobic core of the carrier. In this case there should be

considerable energetic barrier for CSA to partition into the water
hase, at least from the thermodynamic point of view. Surprisingly,
owever, these predictions do not correlate with the experimen-
ally monitored kinetics of the transfer process. Despite its high

Fig. 2. Chemical structure of Cyclosporin A (Zijlstra et al., 2007).
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ipophilicity, CSA was found to exhibit remarkably high exchange
ates between liposomes (Fahr and Seelig, 2001). Simply taken,
uch observations may indicate that, although unexpected, CSA
olecules can migrate out of the lipophilic layer of a liposome,

ynamically cross aqueous media and integrate in the lipophilic
ayer of another liposome. This surprising behavior of CSA has
ot been explained on the molecular or structural level, as yet.
long the same line, Lopes et al. (2006a) demonstrated increased
SA skin penetration from both cubic and reverse hexagonal liq-
id crystalline phases of GMO/water and GMO/water/oleic acid,
espectively. To account for these observations, general interac-
ions were assumed between the polar groups of the peptide and

onoolein in the cubic phase.
Solubilization of CSA within the reverse hexagonal phase has

een further studied in our laboratory. In previous reports we
escribed a GMO/water system with solubilized tricaprylin dis-
laying a reverse hexagonal phase at room temperature over
relatively broad range of compositions (Amar-Yuli and Garti,

005). In addition, it was found that phosphatidylcholine (PC) can
e incorporated into the ternary GMO/tricaprylin/water hexago-
al system (Libster et al., 2007). Solubilization of PC improved
he elastic properties of the HII mesophase and enhanced its
hermal stability. In those studies we demonstrated that CSA
as solubilized into the HII mesophases, and its phenomenolog-

cal solubilization effects were studied on a macroscopic scale
Libster et al., 2007). It is clear, however, that a detailed molec-
lar characterization of the interactions between CSA and the
II mesophase is required in order to understand and improve

uch a solubilization system for controlled delivery and release
pplications.

The present report describes a series of studies that focused
n the detailed structural behavior of HII mesophases with and
ithout solubilized guest molecules. We especially concentrated

n the molecular structure of the quaternary system composed
f GMO/tricaprylin/phosphatidylcholine/water, which was studied
ainly via ATR-FTIR spectroscopic analysis.
ATR-FTIR is a well-established experimental technique that is

articularly powerful for probing the molecular structure of liquid
rystals (Holmgren et al., 1988; Nilsson et al., 1994; Talaikytė et
l., 2004; Misiunas et al., 2005; Amar-Yuli et al., 2007b, 2008). It
as also shown to be a good tool to characterize the secondary

tructure of peptides and proteins (Dong et al., 1990; Vass et al.,
003; Barth, 2007). Consequently, it was employed to study the
tructure and conformation of the peptide drug CSA, its structural
hanges during solubilization in the hexagonal mesophase, and its
ocation and specific interactions with the various components of
he mesophase.

. Materials and methods

.1. Materials

Monoolein, GMO, distilled glycerol monooleate (min. 97 wt%
onoglyceride), 2.5 wt% diglyceride and 0.4 wt% free glycerol

acid value 1.2, iodine value 68.0, melting point 37.5 ◦C) were
btained from Riken Vitamin Co. (Tokyo, Japan). Tricaprylin (TAG)
97–98 wt%) was purchased from Sigma Chemical Co. (St. Louis,

O). Phosphatidylcholine of soybean origin (Epikuron 200, min.
2% PC) was obtained from Degussa BioActives GmbH. (Ham-

urg, Germany). Cyclosporin A was purchased from LC Laboratories
Woburn, MA, USA). The water was double distilled. All ingredi-
nts were used without further purification. D2O (D, 99.9%) was
urchased from Cambridge Isotope Laboratories Inc. (Andover, MA,
SA).
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Table 1
Resolved ATR-FTIR bands for GMO/PC/tricaprylin/H2O system, containing
GMO/tricaprylin constant weight ratio of (9:1), 20 wt% H2O and varied PC
concentrations in the range of 0–18 wt%.

Molecule Band Wavenumber range (cm−1)

Monoglyceride �–C–OH stretching 1119–1121
�–C–OH stretching 1049–1054
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.2. Preparation of HII mesophases

The starting composition of 72 wt% GMO and 8 wt% tricaprylin
9:1 weight ratio) at water content of 20 wt% was chosen for the
olubilization experiments. In order to study the influence of PC
n the mesophases it was solubilized at 5–18 wt% concentrations,
ecreasing the GMO and tricaprylin concentrations but keeping
heir weight ratio of GMO/tricaprylin (9:1) and water content of
0 wt% constant. The GMO/PC/tricaprylin/water hexagonal liquid
rystals were prepared by mixing weighed quantities of GMO, tri-
aprylin, and PC while heating to 80 ◦C. This was done in sealed
ubes under nitrogen atmosphere to avoid oxidation of the GMO
nd PC. An appropriate quantity of preheated water at the same
emperature was added and the samples were stirred and cooled
o 25 ◦C. Cyclosporin A was solubilized in the range of 1–6 wt%
sing starting composition of 63 wt% GMO and 7 wt% tricaprylin
9:1 weight ratio) and 10 wt% PC at D2O content of 20 wt%. D2O
as used for FTIR measurements. It should be noted that as a result
f CSA solubilization the concentrations of GMO and tricaprylin
ere decreased, keeping their weight ratio of GMO/tricaprylin

9:1), water content of 20 wt% and PC content of 10 wt% constant.
yclosporin A was first dissolved in GMO prior to incorpora-
ion to GMO/PC/tricaprylin mixtures. The thermal stability of the
eptide was verified by FTIR analysis of Amide I band after heat-

ng and cooling cycles and DSC analysis (data not shown). CSA
s thermally stable up to 120 ◦C the peptide is thermally stable.
t this temperature it undergoes Tg transition (Hussain et al.,
004). The samples were allowed to equilibrate for 24 h before
xamination.

.3. Small angle X-ray scattering (SAXS)

Scattering experiments were performed using Ni-filtered Cu K�
adiation (0.154 nm) from an Elliott rotating anode X-ray generator
hat operated at a power rating of 1.2 kW. The X-ray radiation was
urther monochromated and collimated by a single Franks mirror
nd a series of slits and height limiters, and measured by a lin-
ar position-sensitive detector. The samples were held in 1.5 mm
uartz X-ray capillaries inserted into a copper block sample holder.
he temperature was maintained at T ± 0.5 ◦C with a recirculating
ater bath. The camera constants were calibrated using anhydrous

holesterol. The scattering patterns were desmeared using the Lake
rocedure implemented in home-written software (Lake, 1967).

.4. Attenuated total reflectance Fourier transform infrared
ATR-FTIR) measurements

An Alpha model spectrometer, equipped with a single reflec-
ion diamond ATR sampling module, manufactured by Bruker Optik
mbH (Ettlingen, Germany), was used to record the FT-IR spec-

ra. The spectra were recorded with 50 scans, at 25 ◦C; a spectral
esolution of 2 cm−1 was obtained.

.5. ATR-FTIR data analysis

Multi Gaussian fitting has been utilized to resolve individ-

al bands in the spectra. The peaks were analyzed in terms of
eak frequencies, width at half-height and areas. In order to
esolve the measured Amide I’ band of CSA the samples’ spec-
ra were background subtracted against the appropriate hexagonal

esophase control spectra. Further, the Amide I’ band was resolved
y second derivative Savitzky–Golay nine-point smoothing
unction.

1
t
t
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w

C Symmetric stretching mode PO2
− 1089–1086

ricaprylin C–O stretching 1111–1104

. Results and discussion

.1. The influence of PC on the tenary GMO/tricaprylin/water
ixtures

An ATR-FTIR temperature-dependent study conducted recently
n our laboratory demonstrated the power of this methodology for
he detailed analysis of molecular interactions that take place in
he ternary GMO/tricaprylin/water reverse hexagonal mesophase
Amar-Yuli et al., 2007b, 2008). A similar approach was adopted
or the present study, in order to clarify the structure and interac-
ions of the peptide drug CSA with a reverse hexagonal mesophase
tructure.

Prior to studying peptide–mesophase interactions, it is impor-
ant to obtain the molecular level picture of the interaction
overning the structural properties of the mixed nonionic and
witerionic surfactants (GMO and PC) in these liquid crystals. We
specially focused on the structural influence of PC on the ternary
MO/tricaprylin/water mixtures. The structure was investigated in

erms of the water–surfactant interface region in the vibrational
ange of 1000–1200 cm−1 (Fig. 3a). The peak assignments of the
R spectra were done according to procedures described in detail
n previous reports (Holmgren et al., 1988; Nilsson et al., 1991,
994; Razumas et al., 1996; Guillén and Cabo, 1997; Amar-Yuli et
l., 2007b, 2008). At the interface, several vibrational modes were
nalyzed by fitting the observed spectra with multiple Gaussians,
eflecting the interfacial packing of the lipid headgroups (Fig. 3b).
or GMO, two hydroxyls could be identified in the observed spectra:
–OH (�, ∼1117 cm−1), C–OH (�, ∼1051 cm−1), and C O (carbonyl
t the � position, 1720–1740 cm−1). C–O stretching vibration of
ricaprylin was detected at ∼1110 cm−1. The interfacial behavior
f PC was followed by the phosphate symmetric stretching mode
t vS-PO2

− at 1088 cm−1. As demonstrated previously, the phos-
hate groups of lipids bind water molecules and the sensitivity of
he phosphate vibrations to hydration has been well documented
Hübner and Blume, 1998). It was found that the asymmetric PO2

−

ibrational band (1250–1230 cm−1) is extremely sensitive to hydra-
ion; however, this band was overlapped with the tricaprylin C–O
nd CH2 bands and could not be reliably resolved. Upon increasing
he PC concentration in the mesophases, the phosphate symmet-
ic stretching mode of vS-PO2

− at 1088 cm−1 could be observed.
n a similar way, it was previously found that the symmetric
tretching mode of vS-PO2

− was also sensitive to hydrogen-bonding
odifications (Hübner and Blume, 1998). Table 1 summarizes the
entioned resolved band for this system.
Analysis of the data presented in Fig. 3a revealed that a grad-

al linear transition toward higher wavenumbers from 1049 to
054 cm−1 was obtained at the �–C–OH band (Fig. 4a). As expected,
he stronger the hydrogen bonding between the functional groups,
he lower the stretching frequency. The frequency shift suggests

conformational change of the �–C–OH group that occurred as a

esult of decreasing interaction in the surroundings of the vibra-
ional entity, probably a decrease in hydrogen bonding. Since the
ater concentration was kept constant during all experiments, a



118 D. Libster et al. / International Journal of Pharmaceutics 367 (2009) 115–126

Fig. 3. (a) ATR-FTIR spectra of the HII mesophases of GMO/PC/tricaprylin/water sys-
tems with concentration containing (a) 0 wt% PC, (b) 5 wt% PC, (c) 8 wt% PC, (d)
1
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3 wt% PC, (e) 18 wt% PC. Four absorption bands are shown: � and � hydroxyls for
MO, symmetric stretching mode of vS-PO2

− for PC and C–O for tricaprylin. (b)
epresentative ATR-FTIR data fitting with four gaussians of the HII mesophases of
MO/PC/tricaprylin/water system containing 18 wt% PC.

ompetition for water binding takes place between the �–C–OH
roups of GMO and the phosphate groups of the PC. This led to
ydration of the phosphate groups at the expense of partial dehy-
ration of the �–C–OH groups. From the structural point of view this
ncrease in frequency may be also explained through the decreas-
ng curvature of the mesophases and lower degree of packing at
he interface as a result of an increase in the lattice parameter
f the structures (5 Å) (Libster et al., 2007), as caused by the sol-
bilization of PC. Simultaneously, the intensity of the symmetric

a
P
a
t
i

ig. 4. (a) Frequency (cm−1) as a function of PC concentration (wt%) of the �–C–OH
bsorption mode of GMO molecule. (b) Width at half-height (cm−1) as a function of
C concentration (wt%) of the �–C–OH absorption mode.

tretching mode of the vS-PO2
− band gradually increased due to

he phospholipid concentration increase, since it is proportional to
he concentration of the absorbing species, as shown in Fig. 3a. At
he same time, a slight shift of the vS-PO2

− band to lower wavenum-
ers was detected from 1089 to 1086 cm−1. This could indicate
tronger water binding of the phosphate head group and/or hydro-
en bonding with GMO head groups. Nilsson et al. (1991) showed
hat in the L� and cubic phases of the GMO/water system, the
–C–OH group forms an intramolecular hydrogen bond to the car-
onyl group of GMO, which, by addition of DOPC, is broken and
ydrogen bonding between the GMO hydroxyl groups and DOPC
hosphate group is formed. Thus, it could also be suggested that
fraction of these intramolecular hydrogen bonds is also broken

nd replaced by intermolecular hydrogen bonds with the polar

O2

− groups. Such interaction with phospholipids also significantly
ltered the conformation of the �–C–OH monolein head group. At
he �–C–OH (1117 cm−1) position of GMO a noticeable decrease
n peak intensity (up to 40%) was detected (Fig. 3a), accompanied
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Table 2
Resolved ATR-FTIR bands for GMO/PC/tricaprylin/D2O/CSA system containing
GMO/tricaprylin constant weight ratio of (9:1), 20 wt% H2O, 10 wt% PC and varied
CSA concentrations in the range of 0–6 wt%.

Molecule Band Wavenumber
range (cm−1)

Monoglyceride Symmetric CH2 stretching 2853
Antisymmetric CH2 stretching 2918
“Free” carbonyls C O stretching 1743
“Bounded” C O groups 1727–1722
CO–O bond (ester) stretchings 1164–1166

1177–1184

D2O O–D stretching 3386–3396

Cyclosporin A
(Amide I’ band)

Anti-parallel �-sheet with two hydrogen
bonds: Ala7NH to MeVal11C O and
D-Ala8NH to MeLeu6C O

1624–1625

H-bonded �-turn formed with D-Ala8NH to
MeLeu6C O hydrogen bonding

1632

Type II �-turn stabilized by two hydrogen
bonds – Abu2NH to Val5C O and Val5NH to
Abu2C O

1639

Inverse �-loop consisting of at D-Ala8,
MeLeu9 and MeLeu10

1650

Type II �-turn located at Sar3 and MeLeu4 1669–1672
Intramolecular hydrogen bond between the 1679–1681
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ith narrowing of the band, and a weak frequency shift from 1119
o 1121 cm−1. These findings also suggested moderate dehydration
f the �–C–OH groups, which were initially less hydrated, com-
ared with �–C–OH groups. The significant intensity decrease also

ndicates that PC moieties are intercalated in the vicinity of the
–C–OH groups, lowering the packing density of these hydroxyls.
his is reflected by the decreased number of absorbing molecules at
his stretching band. The width at half-height of both the � (data not
hown) and � peaks (Fig. 4b) were reduced as the PC concentration
as increased. As less hydration around the OH groups would lead

o more uniformity in the weaker C–OH bond and restricted mobil-
ty of these groups, it is indeed consistent with the observation in
he peak frequencies.

C–O stretching vibration of tricaprylin was detected at
1111 cm−1 in the absence of PC and a total low-frequency shift
f this band (7 cm−1) was observed when the concentration of the
hospholipid was increased to 18 wt% PC (data not shown). It should
e pointed out that, for pure TAG, this CO–O band was found at
100 cm−1. These observations suggest that PC incorporation into
he mesophases caused the CO–O groups of TAG to adopt a con-
ormation that is closer to that of its pure state. According to our
revious NMR measurements, at room temperature TAG molecules
re located in the interstices within the densely packed cylindrical
ggregates of GMO close to the interface region (Amar-Yuli et al.,
007b). According to this kind of interpretation, competition is tak-

ng place between the PC and TAG molecules for the solvation of the
MO tails and part of the triglyceride molecules are “salted out” in

avor of the PC–GMO interactions, suggesting conformation closer
o its pure state.

In one of our previous reports we have shown that bulk prop-
rties of the ternary system of GMO/TAG/water were significantly
odified by incorporation of PC (Libster et al., 2007). SAXS analy-

is demonstrated gradual increase in the lattice parameter of the
esophases from 57.1 Å in the system without PC up to 62.5 Å

n the presence of 20 wt% PC. The tendency of PC to increase the
attice parameter is correlated to the present results from the ATR-
TIR measurements. Two competing effects are contributed to the
escribed behavior. Hydration of PC is supposed to increase the lat-
ice parameter, while the dehydration of GMO should hinder this
rocess. However, the hydration of the larger size polar moieties of
C is probably more dominating, compared to the partial dehydra-
ion of the hydroxyls of GMO, and therefore responsible for the slow
nd relatively moderate swelling of the structures (up to 5 Å). The
resence of PC in the mixture had also a significant effect on the
hermal processes in the mesophase. The change was reflected in
decrease of the melting temperature (Tm) of the GMO/tricaprylin

hermal transition of almost 3 ◦C, which was accompanied by a
ronounced and progressive enthalpy (�Hf) decrease from 37.3 J/g

n the system without PC to 2.7 J/g in the mesophase containing
0 wt% PC. In accordance with this kind of interpretation of the FTIR
esults, it is very likely that the intramolecular hydrogen bonding of
MO molecules is partly broken and the intermolecular hydrogen
onds between the GMO and the PC polar head groups were partly
ormed. Due to the highly polar nature of phosphate groups, and the
ompetition of these groups with GMO hydroxyl groups for water,
he PC and GMO interactions are expected to strengthen the inter-
ace and hence influence the rheological properties of the resulting
tructures. Since the major rheological properties of the LLC depend
ostly on the topology of the water–lipid interface (Sagalowicz et

l., 2006b) these properties should reflect the expected alterations.

ne such parameter is the maximum relaxation time (�max), which

s regarded as the time scale for relaxation to the equilibrium con-
guration of the water–lipid interface. A noticeable increase in �max

as detected with increase in the quantity of added PC, suggesting
more elastic response (Libster et al., 2007).

o
b
g
N
q

�-OH on MeBmt1 and the MeBmt1C O
“Free”, non-hydrogen-bonded C O of the
�-sheet

1690–1700

Hence, it was found that despite the relatively low concentration
f the zwiterionic PC (compared to the corresponding concentra-
ion of GMO) in the HII mesophases, it has a significant impact on
oth the microscopic and mesoscopic properties of these liquid
rystal structures.

.2. CSA influence on the HII mesophase

The mutual influence of the peptide on the structure of the
MO/tricaprylin/PC/CSA/D2O mesophases was elucidated using
2O instead of H2O in order to avoid the influence of the water OH
ending on the Amide I’ band of CSA. The resolved bands, reflect-

ng the influence of CSA on the HII mesophase, are presented in
able 2. Prior to the FTIR measurements, we verified that the struc-
ure remained hexagonal when the pure water was replaced by D2O
t the same hydration level (20 wt%). Typical SAXS diffraction pat-
ern of the HII mesophase, containing D2O is presented in Fig. 5.
light increase of 2.5 Å in lattice parameter (from 59.2 to 61.7 Å)
as monitored when D2O was used, compared to the H2O based

amples, which is attributed to the more tight bonding of D2O with
he surfactants hydrophilic moieties. Like in the H2O based sam-
les (Libster et al., 2007) only minor changes (increase) in the lattice
arameter in the range of 1 Å was recorded upon CSA solubilization

n the concentration up to 6 wt%.
Considering the fact that CSA is a highly hydrophobic molecule,

t was originally reasonable to assume that it was mainly incor-
orated between the acyl chains of the surfactants. We therefore
ollowed the specific IR peaks of GMO methylene groups (Fig. 6)
t 2853 cm−1 (symmetric stretching) and at ∼2918 cm−1 (anti-
ymmetric stretching). Generally, it is widely accepted that the
bsorption at 2853 cm−1 is associated with the conformational
rder of the lipid chain, which reflects the instantaneous state of
rganization of the membranes (Mendelsohn et al., 1991). This

and at 2853 cm−1 is also known to be rather sensitive to trans-
auche isomerization within the chain (Fournier et al., 2008).
evertheless, we did not detect any significant changes in the fre-
uency of these bands. Our conclusion is, therefore, that there is
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Fig. 5. Small-angle X-ray scattering pattern of GMO/tricaprylin/PC//D2O mesophase
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ontaining GMO:tricaprylin 9:1 wt ratio, 20 wt% D2O, 10 wt% PC, at 25 ◦C. The d-
pacings of the three Bragg peaks are observed to be related by the ratio of 1 : 1/

√
3 :

/
√

4, consistent with two-dimensional hexagonal symmetry. d = 2�/q, where q is
he amplitude of the scattering vector.

o evidence for an isomerization process in the particular system
xamined.

Furthermore, CH2 wagging mode in the IR spectral region of
330–1400 cm−1 was observed (data not shown). It provides infor-
ation on the effect of the CH2 groups involved in nonplanar
gauche) conformers (Razumas et al., 1996). A close examination
f this spectral mode, consisting of the end-gauche band (eg) at
1341 cm−1, the double gauche band (gg) at ∼1354 cm−1, and the
and of gauche-trans-gauche (kink) at ∼1367 cm−1), does not indi-
ate any significant conformational change. However, a noticeable

ig. 6. ATR-FTIR spectra of the HII mesophases of GMO/PC/tricaprylin/water/CSA
ystems with CSA concentrations of (a) 0% (b) 1%, (c) 2%, (d) 3%, (e) 4%, (f) 5%, (g) 6%
n frequency range of 3000–2800 cm−1. The graphs depict the decrease in peak area

ith increasing CSA concentration with onset of the critical behavior of 4 wt% CSA
t the 2853 cm−1 absorption band.
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ecrease in the peak area of the symmetric (Fig. 6) and antisymmet-
ic (data not shown) stretching modes was monitored as a function
f the incorporated peptide, starting from a CSA concentration of
wt%. Such decrease in the peak area may result from the packing
ensity decrease of the surfactant tails, which is dictated only by
he physical embedding of the relatively high concentration of the
rug into the hydrocarbon region. With this indication in mind, we
urther looked for stronger and more direct evidences of the CSA
nteractions with the mesophase components.

The carbonyl absorption mode was found to be sensitive for
rotein–surfactant interactions. The carbonyl band exhibits two
learly separated peak maxima (Fig. 7a), suggesting that this group
s exposed to two different environments: the first one origi-
ates from ‘free’ carbonyls (1743 cm−1) and the second comes from

ntramolecularly hydrogen-bonded carbonyl groups (1727 cm−1)
Fig. 7b). It was found that while there was no effect on the free

O band position, the peak frequencies for the bonded carbonyl
roups demonstrate a monotonic decrease from 1727 to 1722 cm−1

s CSA concentration is increased (Fig. 8a). This finding shows that
he strength of hydrogen bonding was increased as a result of the
eptide solubilization, suggesting an interaction of the peptide with
he C O groups. Furthermore, the width at half-height of the lower
requency carbonyl mode was decreased, but the opposite trend
as noticed in the width at half-height values of the high fre-

uency band (Fig. 8b). The implication is ordering or more restricted
otion of the intramolecularly bound carbonyls and an increased

egree of rotation of the free carbonyls as a function of CSA embed-
ent. These conclusions were further reinforced by comparing the

eak areas of the free and hydrogen-bonded carbonyls. In order
o account for concentration changes as the concentration of CSA
as increased, the normalized peak areas (Afree/(Afree + Abonded))

nd Abonded/(Afree + Abonded) were calculated (Fig. 9). Here it is clear
hat the number of hydrogen-bonded carbonyls is reduced in favor
f freely rotating groups when the CSA is introduced. Therefore,
he solubilization of the peptide probably induced partial replace-

ent of the intramolecularly hydrogen-bonded carbonyl groups
onds to carbonyl–CSA bonds. However, not all the hydrogen bonds
hat were disrupted by the CSA solubilization were reoccupied by
eptide–carbonyl bonds. These results indicate that CSA is partly

ntercalated in the interfacial region. Considering the fact that
AXS results (Libster et al., 2007) revealed only minor changes in
he lattice parameter of the mesophases (increase of 1–1.5 Å), it
an be suggested that the intercalation of CSA did not cause sig-
ificant modifications of the curvature but rather influenced the

ntramolecularly hydrogen-bonded carbonyl groups.
Following the interfacial behavior of the peptide, the CO–O bond

ester) stretching mode of the surfactants was examined (Fig. 10a).
he absorption maximum monitored at ∼1176 cm−1 was resolved
y Gaussian fitting to two peaks (1164 and 1177 cm−1), probably
orresponding to different conformations of the ester moieties. The
ncorporation of CSA gave rise to a gradual shift of the two absorp-
ion maxima toward higher wavenumbers with increasing peptide
oncentration (Fig. 10b). According to Hübner and Mantsch (1991)
nd Razumas et al. (1996), the low frequency position of the CO–O
and can be associated with a deviation from the dihedral angle of
80◦ in this segment, induced by torsional motions or by a small
opulation of gauche conformers near the sn-1 CO–O single bond.
he authors showed that lower frequency positions of the CO–O
and correspond to more disordered states of the lipids. Hence,
e conclude that solubilization of CSA, which resulted in a higher
requency position of CO–O band, implied a more ordered state of
O–O bond.

Regarding the strong interfacial behavior of the peptide we
xamined the absorption bands at 3200–3400 cm−1, attributed to
he O–H stretching modes (�OH), which are used to characterize the
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Fig. 7. (a) ATR-FTIR spectra of the HII mesophases of GMO/PC/tricaprylin/water/CSA
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Fig. 8. (a) Frequency (cm−1) as a function of CSA concentration (wt%) of the
hydrogen-bonded C O absorption mode of the surfactant molecules. (b) Width at
half-height (cm−1) as a function of CSA concentration (wt%) of the C O absorption
modes of surfactant molecules. (�) Hydrogen-bonded carbonyls (left y-axis) (�)
free carbonyls (right y-axis).
ystems with CSA concentrations of (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%, (f) 5%, (g)
% in frequency range of 1780–1680 cm−1. (b) Representative Gaussian fitting of the
arbonyl band demonstrating two C O populations: ‘free’ carbonyls (1743 cm−1)
nd the hydrogen-bonded carbonyl groups (1727 cm−1).

nteractions of the O–H groups of the GMO and water molecules. In
ontrast to H2O, D2O does not absorb in this region, and by using
2O in these experiments we were able to follow the effect of
SA solubilization on the O–H stretching mode of the surfactant,

ithout the contribution of the water O–H stretching. As a rule,

he stronger the hydrogen bonding between the surfactant O–H
roups and the D2O, the lower the stretching frequency of the O–H
roup (�OH). Therefore, by analyzing these bands the O–H groups

Fig. 9. The normalized peak area (Afree/(Afree + Abonded)) and Abonded/(Afree + Abonded)
of the free and hydrogen-bonded carbonyl groups. (�) Hydrogen-bonded carbonyls
and (�) free carbonyls.
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Fig. 10. (a) ATR-FTIR spectra of the HII mesophases of GMO/PC/tricaprylin/
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ater/CSA systems with CSA concentrations of (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%, (f)
%, (g) 6% in frequency range of 1100–1300 cm−1 showing two absorption maxima
f the CO–O groups. (b) Frequency (cm−1) as a function of CSA concentration (wt%)
f CO–O absorption modes of the surfactant molecules.

f GMO and interfacial D2O interactions can be probed. Starting
rom a concentration of 4 wt% CSA, the position of �OH was shifted
owards higher frequencies, suggesting a weakening of the hydro-

en bonds between the between the surfactant O–H groups and
he D2O (Fig. 11). Hence, some degree of dehydration of the GMO
ydroxyls occurred as a result of the drug solubilization, indicating
weak interaction of the drug with the O–H groups in the interfacial
ater region. Bearing in mind the high lipophilicity of the pep-

b
t
s
a
c

ig. 11. Frequency (cm−1) as a function of CSA concentration (wt%) of the O–H
bsorption modes of the surfactant molecules.

ide this is an unexpected result. However, Fahr and Seelig (2001)
eported that despite the high lipophilicity of the peptide, it exhibits
emarkably high exchange rates between liposomes. These results
ssume some structural transformations in the internal structure
f the peptide allowing it to interact with hydrophilic moieties of
he surfactants and water. The present findings can also explain
he macroscopic properties of these liquid crystals as a result of
SA solubilization (Libster et al., 2007). The described interactions
f the peptide with the HII mesophases are expected to weaken the
nterface and hence influence the rheological behavior of the struc-
ures. We demonstrated that the presence of the peptide led to a
ramatic decrease in the relaxation times (�max), the elasticity and
he complex viscosity resulting in more fluid-like behavior (Libster
t al., 2007). The decrease in �max and the elasticity of the systems
re probably a result of the intercalation of CSA to the interfacial
egion and its interaction with the carbonyl groups of the surfac-
ants and weakening of the hydrogen bonds between the between
he surfactant O–H groups and water.

.3. The conformation of CSA in the HII mesophases

In light of the previous unexpected findings we probed the
eptide conformation in the HII mesophases. The Amide I’ region
1600–1700 cm−1) is widely used for analysis of protein secondary
tructure and conformational changes. This band appears to be
ainly the C O stretching vibration (∼80%) of the amide groups

oupled with in-plane NH bending (∼20%). Each type of sec-
ndary structure results in a unique C O stretching frequency due
o different molecular geometry and hydrogen-bonding strength.
herefore, each band of the Amide I’ region is dictated by the
ackbone conformation and hydrogen-bonding pattern (Vass et
l., 2003; Zhang and Yan, 2005). The measured Amide I’ band
f CSA was featureless (Fig. 12a) since it consisted of overlap-
ing individual bands of secondary structure components. The
and was resolved by second derivative analysis. This resolution
nhancement method is a well-established technique allowing
ecomposition of the Amide I’ contours into the contributing
omponents (Zhang and Yan, 2005). The absorptions appeared

−1
etween 1625 and 1700 cm as shown at representative spec-
ra (Fig. 12b–d). The resolved Amide I’ bands of the peptide are
hown in Table 2. It has been suggested that bands below 1645 cm−1

ppear as a result of hydrogen-bonded C O groups while “free”
arbonyls give rise to absorptions above 1660 cm−1. Bands in the
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ig. 12. (a) Amide I’ band of GMO/PC/tricaprylin/water/CSA systems with CSA conce
n (b) 2 wt% CSA in HII system, (c) 4 wt% CSA in HII system, (d) 4 wt% CSA in tricapry

645–1660 range correspond to relatively weak hydrogen-bonded
O groups that belong to unordered structures. From the spec-

ra it was noticed that the sharpness and intensity of the bands
ssigned to non-hydrogen-bonded or weak hydrogen-bonded C O
f the higher CSA concentrations (Fig. 12c) decreased compared to
he lower content drug samples (Fig. 12b). This indicated a decrease
n structural stability of the free and weak hydrogen-bonded car-
onyls at high CSA content (4–6 wt%), suggesting the location of the
rug in more polar environment at higher peptide concentrations.

Four intramolecularly hydrogen-bonded amide groups were
reviously detected in the structure of Cyclosporin A by NMR spec-
roscopy (Altschuh et al., 1994) and FTIR analysis (Shaw et al., 1994;
tevenson et al., 2003; Bodack et al., 2004). Three of the hydro-
en bonds stabilize the antiparallel �-sheet structures Val5NH to
bu2C O, Abu2NH to Val5C O, and Ala7NH to MeVal11C O. The

ast hydrogen bond (between Ala8NH to MeLeu6C O) stabilizes the
-loop (Fig. 2).

The representative ATR-FTIR spectra of the peptide solubilized
n the HII mesophases are presented in Fig. 12b and c. The follow-
ng bands were detected and assigned according to the previously
ublished data (Stevenson et al., 2003). The high intensity band
t 1624–1625 cm−1 was interpreted as an anti-parallel �-sheet

ith two hydrogen bonds: Ala7NH to MeVal11C O and D-Ala8NH

o MeLeu6C O. The 1632 cm−1 shoulder in midsize cyclic pep-
ides can be assigned to the H-bonded �-turn, which was probably
ormed with D-Ala8NH to MeLeu6C O hydrogen bonding in the
resent case. The inverse �-loop consisting of at D-Ala8, MeLeu9

o
t
p
i
g

ion of 4%. (b–d) Representative second derivative FT-IR spectra of CSA incorporated

nd MeLeu10 was assigned to the 1650 cm−1 band. The band at
669–1672 cm−1 was attributed to Type II �-turn located at Sar3

nd MeLeu4. A band at 1679–1681 cm−1 reflected the intramolec-
lar hydrogen bond between the �-OH (of CSA) on MeBmt1 and
he MeBmt1C O. The presence of this band also in spectra of CSA
mbedded within the LLC indicates that the �-OH did not fully bind
o the mesophase components. The bands at 1690–1700 cm−1 prob-
bly reflected the “free”, non-hydrogen-bonded C O of the �-sheet.
he ATR-FTIR spectra of CSA solubilized within the liquid crystals
as compared to the drug samples within tricaprylin as a reference

ystem (Fig. 12d). Tricaprylin is one of the components of our sys-
ems and is a lipophilic oil, which is expected to interact with CSA

ainly through hydrophobic interactions. The most obvious differ-
nce in the behavior observed when CSA was in tricaprylin is the
ppearance of a 1639 cm−1 peak (Fig. 12d). The bands at 1640 ± 5
n small and cyclic peptides are generally associated with amide
roups of H-bonded �-turns (Vass et al., 2003). The 1639 cm−1 peak
an be interpreted as the Type II �-turn stabilized by two hydrogen
onds – Abu2NH to Val5C O and Val5NH to Abu2C O. This means
hat the Type II �-turn stayed intact in the apolar solvent, which
s consistent with the conformation of the peptide in hydrophobic
olvents (Stevenson et al., 2003). The lack of this peak in spectra

f CSA solubilized within the liquid crystalline structures indicates
hat these two pairs of hydrogen bonds were disrupted, suggesting
artial location of CSA in polar or amphiphilic environment. The

mplication of this result is that these pairs of the internal hydro-
en bonds were broken in order to interact with the surfactants.



1 al of Pharmaceutics 367 (2009) 115–126

I
t
a
t
t
h
t
e
H
d
m
t
a
f
b
�

b
a
a
a
b
a
c
M
o
t
o
S
C
n
�
H
i
b
c
t
H

b
c
r
g
l
n
r
c
w
t
h

3

e
p
l
e
t
i
i
t
F
i
t

Fig. 13. The possible conformations of CSA in (A and B) tricaprylin, and in the HII

mesophase. Note the following differences: (1) �-loop is destabilized in tricaprylin.
This is reflected by two possible alternating conformations, when the hydrogen bond
between D-Ala8NH and MeLeu6C O (A) bifurcates to include the D-Ala8C O (B). (2)
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ndeed, as was shown above, such interactions were monitored by
he changes in the carbonyl and hydroxyl bands of the surfactants
s a result of CSA solubilization. Hence, the partial disruption of
he internal hydrogen bonds probably allowed rotation of the pep-
ide amide groups outwards. This structural alteration would allow
ydrogen bonding between the carbonyls of the surfactants (elec-
ron donors) and hydrogens of the peptide. This kind of interaction
nabled CSA to be intercalated within the interface region of the
II mesophases. It was demonstrated by several investigators that
isruption of the internal hydrogen bonds depicts the active confor-
ation of the drug when rotation of four amide groups outwards

o bond with the solvent or the active site takes place (Weber et
l., 1991; Wuthrich et al., 1991). The active conformation, explored
rom receptor binding studies with cyclophilin, was characterized
y complete disruption of the secondary structure, including the
-sheet and �-turn conformations.

Another important difference between the spectra of CSA solu-
ilized in the liquid crystals and tricaprylin is the lack of the band
t 1648 cm−1 and its 1632 cm−1 shoulder, which were assigned
s an inverse �-loop consisting of D-Ala8, MeLeu9 and MeLeu10

nd a �-turn formed with D-Ala8NH to MeLeu6C O hydrogen-
onding, respectively. The lack of the 1648 cm−1 band indicates
loss of the �-loop structure in hydrophobic tricaprylin. This

an be attributed to the hydrogen bond between D-Ala8NH and
eLeu6C O, which bifurcates to include the D-Ala8C O. Bonding

f the amide proton between two carbonyls results in a twist in
he backbone conformation at D-Ala8. This, in turn, changes the
rientation of the MeLeu10 side chain, and destabilizes the �-loop.
imilar results were demonstrated by Stevenson et al. (2003) when
SA was dissolved in chloroform and octanol, apolar solvents with
o hydrogen bond accepting or donating ability. The loss of the
-turn was also probably caused by the bifurcation of D-Ala8NH.
ence, it seems that the bifurcation of D-Ala8NH was prevented

n the liquid crystalline mesophases, enabling the D-Ala8NH to
ond with the surfactants instead of the second peptide backbone
arbonyl D-Ala8C O. Fig. 13 visualizes the possible conforma-
ions of CSA in tricaprylin, compared to its conformation in the
II mesophase.

From the above FTIR data it could be suggested that the solu-
ilization of CSA into the amphiphilic environment of the liquid
rystals caused the peptide to be more hydrophilic by partly dis-
upting the internal hydrogen bonds and exposing the amide
roups to the surfactants Therefore, the peptide became less
ipophilic, compared to its initial state. This may supply the expla-
ation of CSA’s ability to be partly intercalated in the interface
egion of the hexagonal structure, as illustrated in Fig. 14. This
ould also explain high exchange rates between liposomes, which
ere detected by (Fahr and Seelig, 2001). Interaction with surfac-

ants makes CSA more hydrophilic allowing its transfer through
ydrophilic domains of the liposomes.

.4. Conclusions

As expected, ATR-FTIR spectroscopy proved to be an effective
xperimental methodology to characterize the detailed structural
roperties of mixed surfactant HII mesophases at the molecular

evel. This approach was also very useful to comprehend the influ-
nce of the peptide drug CSA on the mesophase structures and
o follow the conformational changes of the guest peptide when
ncorporated within these mesophase carriers. It was found that

ncorporation of PC to the mesophases had pronounced effect on
he GMO–water interface region within the resulting structures.
rom the results obtained in the present study it seems that the
ncorporated PC led to competition for water binding between
he hydroxyl groups of GMO and the phosphate groups of the PC.

o
o
t
a
m

ithin the HII mesophase (C) two pairs of hydrogen bonds Abu2NH to Val5C O and
al5NH to Abu2C O which stabilize Type II �-turn, were disrupted, and �-loop is
tabilized by the hydrogen bond between D-Ala8NH and MeLeu6C O.

ence, the process detected here eventually leads to dehydration of
he hydroxyls in favor of phospholipid hydration within the newly

ade mesophase structure. Additional evidence was also obtained
ndicating that the incorporated PC interacts relatively strongly

ith the �–C–OH groups within the mesophase. In addition, com-
etition between the PC and TAG molecules for solvation of the
MO tails took place, leading to “salting out” of the triglyceride
olecules in favor of the PC–GMO interactions.
The solubilization of highly hydrophobic peptide CSA to the

II mesophases revealed unexpected modifications in the interfa-
ial behavior of the loaded mesophases, while the conformation
cyl tails of the surfactants were less influenced. The results of the
urrent study indicated that embedding of CSA in the mesophase
nduced a significant increase in the strength of hydrogen bond-
ng with hydrogen-bonded carbonyls, indicating interaction of the
eptide with the C O groups of the surfactants. These kinds of inter-
ctions were mainly reflected in the more restricted conformation
f the intramolecularly bounded carbonyls and increased degree

f rotation of the free carbonyls as a function of CSA incorpora-
ion in the mesophase. The incorporated peptide seemed to cause
partial replacement of the intramolecular hydrogen bonds of the
esophase carbonyl groups with intermolecular hydrogen bonds
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Fig. 14. (a) Schematic presentation of the supramolecular organization of HII mesophase, showing the cylinders packing. (b) Schematic illustration focused on one cylinder of
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he mixed surfactants (GMO and PC) hexagonal system organization and the localiza
AG is located between the lipophilic chains of the surfactants. The peptide is partl
wo pairs of internal hydrogen bonds that are available to interact with water or the s
hould not be determined from the image.

f these carbonyl groups with the guest peptide CSA. These conclu-
ions were reinforced by probing the CO–O bond (ester) stretching
ode of the surfactants. Analysis of this band revealed a devia-

ion from the dihedral angle of 180◦ in this segment and implied
more ordered state of CO–O bond, adopting a planar all-trans

onformation.
It seems that the observed interfacial interactions of the guest

SA were enabled by specific conformational changes of this rather
igid cyclic peptide when incorporated within the mesophase
tructure. Analysis of the Amide I’ peak in the FTIR spectra of the
eptide (in hydrophobic tricaprylin and embedded within the car-
iers) demonstrated that two pairs of its internal hydrogen bonds
ere disrupted when it is incorporated. As a result of this, the origi-
al �-turn structure of the cyclic peptide was destabilized, probably
e-arranging into a more open conformation that interacts with the
olar or amphiphilic parts of the host structure. The partial disrup-
ion of the internal hydrogen bonds of the CSA frame seems to cause
rotation of the involved peptide amide groups outwards, result-

ng in more efficient intermolecular hydrogen bonds and leading
o a better solubilization of the CSA within the interface region of
he HII mesophases. Obviously, this conformational change signifi-
antly increases the hydrophilic properties of CSA, making it more
usceptible to a wide range of solubilization and transfer processes.
s such, the structural findings reported here provide not only a bet-

er insight into the structure and conformation of CSA in different
nvironments, but also a better understanding of various transfer
rocesses of this important peptide drug using carriers based on
mphiphilic molecules.
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