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Abstract

FT-Raman spectroscopy has been used to investigate interactions between lecithin and cholesterol. Raman spectra of lecithin show multi-
ple peaks which can be classified into three regions: hydrophobic chain, interfacial, and headgroup regions. Binary lipid mixtures (1:1, w/w,
lecithin:cholesterol) were prepared by physical mixing, granulation, coprecipitation, hydration and heating (65 ◦C), and heating (120 ◦C). Regard-
less of the preparation method, no changes in the spectra were observed in the hydrophobic region. A shift in the wavenumber of the choline
methyl asymmetric stretching mode was observed when the samples were prepared by coprecipitation, hydration and heating (65 ◦C), and heating
(120 ◦C). This may indicate a modification of phospholipids in the headgroup region in these samples. The difference in degrees of frequency shift
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physical mixing ≈ granulation < coprecipitation ≈ hydration and heating (65 ◦C) < heating (120 ◦C)) suggests that different levels of hydrogen
onding may have occurred in mixtures prepared with these methods. Multivariate analysis utilizing partial least squares regression based on
elected wavenumber ranges was applied for the quantitative analysis of the amount of lecithin in lipid mixtures. Calibration models from physical
ixing and heating (120 ◦C) exhibited lower R2 and root mean square error of cross validation (RMSECV) values compared to the other models

uggesting lower sample homogeneity for these preparation methods. Low values of the mean absolute residues and mean Mahalanobis distances
mply that the calibration model generated from physical mixing samples may be appropriate for quantitative analysis of lecithin in lipid mixtures
repared by any of the other techniques.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Lipid-based systems such as liposomes and solid lipid par-
icles or implants are of interest in drug delivery research as
means of providing targeted or sustained release of incorpo-

ated drugs [1–3]. Their performance with respect to retention
nd release of incorporated drug may be related to the lipid
omposition [4] making it important to have techniques to quan-
ify lipid compositions. In cholesterol–phospholipid mixtures,
holesterol is reported to: decrease the temperature, enthalpy,
nd sharpness of the gel to liquid crystalline phase transition of
he phospholipid; fluidize or disorder the gel phase; rigidify or
rder the fluid lamellar phase; reduce membrane permeability
bove the main transition temperature; and decrease the aver-
ge molecular surface area of the phospholipid [5–12]. These

∗ Corresponding author. Tel.: +64 3 479 7275; fax: +64 3 479 7034.
E-mail address: natalie.medlicott@stonebow.otago.ac.nz (N.J. Medlicott).

effects can be investigated using differential scanning calorime-
try (DSC) [7–10,13], infrared (IR) [14–16], Raman spectroscopy
[15,17–19], fluorescence anisotropy measurements [12,20,21],
nuclear magnetic resonance spectroscopy (NMR) [12], and X-
ray diffraction [12,13,22]. In general phospholipid–cholesterol
interactions have been interpreted using either “condensed com-
plexes” or “superlattice” models.

The condensed complex model proposes that the nonideal
behaviour of phospholipid–cholesterol mixtures (known as
the cholesterol condensing effect) originates from the complex
formation between the compounds [23]. Recently, the presence
of nonideal behaviour of lipid mixtures of cholesterol with
distearoylphosphatidylcholine (DSPC), stearoyl-oleoylphos-
phatidylcholine (SOPC), dioleoylphosphatidylcholine (DOPC),
and distearoylphosphatidylethanolamine (DSPE) in monolayers
at air/water interface was reported in a study by Dynarowicz-
Latka and Hac-Wydro [24]. Deviation of the mean molec-
ular area versus composition of phospholipid–cholesterol
mixtures at different constant surface pressures from ideal
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systems was clearly illustrated. A positive deviation was
observed in DSPE–cholesterol mixtures while negative devi-
ations were seen in the mixtures of phosphatidycholines
and cholesterol. The DSPC–cholesterol system presented
the strongest shift towards smaller areas on complexation.
The condensed complex model often proposes the exis-
tence of a single critical cholesterol/phospholipid stiochiom-
etry [16]. Pandit et al. [25] reported, based on molecular
dynamic simulations, that bilayers containing a molar ratio
of 40:60 cholesterol:dilauroylphosphatidylcholine (DLPC) pre-
dominantly formed 1:1 complexes whereas 40:60 choles-
terol:dipalmitoylphosphatidylcholine (DPPC) primarily formed
1:2 complexes.

The superlattice model (or regular distribution model) pro-
poses that different lipid species tend to adopt regular, rather than
random distribution in the bilayer [16,26]. Unlike the condensed
complex model, the superlattice model proposes a series of criti-
cal compositions [16]. Utilizing time-resolved fluorescence and
Fourier transform infrared spectroscopic measurements, Can-
non et al. [16] reported the formation of a superlattice domain
in POPC–cholesterol liposomes at cholesterol mole fractions of
0.2, 0.30–0.33, 0.4, and 0.5. The driving force for superlattice
formation was suggested to be due to a reduction in the repul-
sion force between headgroups and an increase in the packing of
the acyl chain of phospholipid upon incorporation of cholesterol
[16,26]. Bhattacharya and Halda [12] examined the interactions
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analysis (PLS) for the quantitative analysis of lecithin content
in lecithin:cholesterol mixtures.

2. Materials and methods

2.1. Materials

Soybean lecithin (Lipoid S100-3, lot 88546-4/10) was pur-
chased from Lipoid GmbH (Germany) and was sieved to obtain
particles of less than 63 �m in size. Cholesterol was purchased
from Sigma–Aldrich (USA) and was used as received.

2.2. Sample preparation

Binary mixtures of lecithin (0, 20, 40, 50, 60, 80, and 100%,
w/w) and cholesterol powders were prepared by one of the fol-
lowing methods: physical mixing, granulation, coprecipitation,
hydration and heating (65 ◦C), and heating (120 ◦C).

Physical mix samples were prepared by mixing appropri-
ate amounts of lecithin and cholesterol powder by geometric
dilution in a beaker using a spatula. Granulated samples were
prepared by lightly grinding lipid mixtures in a mortar then mix-
ing with small amount of water (1:0.08, w/w, lipid:water). The
granules were dried in an incubator at 37 ◦C for 48 h and then
sieved to obtain particles of less than 710 �m. The granules were
then further dried at 37 ◦C for another 24 h prior to use. Copre-
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etween cholesterol and various lipids which were selected so
hat the role of the headgroup and ester linkage in the phospho-
ipid upon interaction with cholesterol could be independently
nvestigated. Regardless of the lipid used, inclusion of choles-
erol was shown to immobilise lipid chains in the lamellar phase,
educe the permeability of the membrane, and decrease the
ilayer thickness. These studies emphasise an important contri-
ution of hydrophobic interactions in phospholipid–cholesterol
nteractions [22,27,28].

Raman spectroscopy has been used to characterise
hospholipid–cholesterol interactions by monitoring the
hanges in the shape and frequency of the bands corresponding
o molecular vibrations. The samples used to perform the studies
re often prepared using the thin-film hydration method. Uni-
ariate analysis using the relative peak intensity ratios of suitable
ands such as I2935/I2880, I1460/I1436, I1130/I1090, and I1720/I1738
as been used to demonstrate alterations in bilayer membranes
nd to evaluate the spectral regions where these interactions
ccur [17,20,21,29]. A disadvantage when considering each
eak separately is that information contained in multiple peaks
ay be lost. Interactions between phospholipids and cholesterol

ave usually been found in spectral ranges, where the peaks
ssociated with atom group vibrations directly involved in the
nteraction are highly overlapping. For complicated spectra such
s these, the use of a multivariate rather than univariate analysis
ay be favourable since it simultaneously considers multiple

pectral features over a wide wavenumber range [30,31].
The objectives of this study were to use Raman spectroscopy

o investigate molecular interactions between soybean lecithin
nd cholesterol in mixtures prepared using different formulation
echniques and to evaluate the application of partial least squares
ipitation samples were prepared by dissolving various amounts
f lipid mixtures in chloroform. The solution was evaporated to
ryness at 45 ◦C for 1 h (Rotavapor R110, Büchi, Switzerland)
nd the remaining solvent residue was further removed with a
tream of dry nitrogen gas for 3 min at room temperature. The
lm was hydrated with 4 ml water at room temperature. The sus-
ensions were subsequently freeze–dried for 48 h (Freezone 6,
odel 79340, Labconco, Missouri, USA) at a condenser temper-

ture of −82 ◦C and pressure of less than 10−1 mbar to obtain a
ry powder of the lipid mixtures. Hydration and heating (65 ◦C)
amples were prepared by hydrating lipid mixtures (0.3 g) with
ml water to create lipid suspensions. These were subjected to

hree sequential heat–cool cycles which comprised heating to
5 ◦C (which is about 10 ◦C above the transition temperature of
ully hydrated lecithin) for at least 30 min then cooling to room
emperature over 30 min. The heated suspensions were soni-
ated and vortexed to ensure thorough mixing at the elevated
emperature. The resulting suspensions were freeze–dried using
he same conditions as for the coprecipitation samples. Heating
120 ◦C) samples were prepared by incubating the physically
ixed lipids in a 120 ◦C oven (Contherm Thermotec 2000, Con-

herm Scientific Ltd., New Zealand) for 10 min then leaving to
ool to room temperature in a dessicator overnight prior to use.
ll samples were individually prepared in triplicate and stored

n a dessicator at room temperature until required.

.3. Raman spectroscopy

Raman spectra were recorded using a FT-Raman instrument
onsisting of a Bruker FRA 106/S FT-Raman accessory (Bruker
ptik, Ettlingen, Germany) with a Coherent Compass 1064-
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500N laser (Coherent Inc., Santa Clara, USA) attached to a
Bruker IFS 55 FT-IR interferometer, and a D 425 Ge diode
detector. Spectral acquisition was carried out at room tempera-
ture utilizing a Nd:YAG laser at 1064 nm and a laser power of
150 mW. Samples were packed into an aluminum sample holder
and a total of 925 scans were averaged for each sample at a res-
olution of 4 cm−1. The wavenumber accuracy was monitored
using sulfur as reference standard. Spectral analysis and par-
tial least squares (PLS) models were performed using OPUSTM

5.0 (Bruker Optik, Ettlingen, Germany). The observed spectral
changes are modest. Thus care was taken to ensure that these
observed differences were not caused by calibration drift within
the experiment. Data were obtained with a resolution of 4 cm−1

and digitization of 1 cm−1 per data point. Higher resolution spec-
tra, with increases data point density per wavenumber, did not
improve the analysis but did increase acquisition time. The spec-
tral drift was monitored with sulfur during data set acquisition,
the peak-to-peak reproducibility was better than 1 cm−1, i.e. 1
data point.

2.4. Quantitative analysis of lecithin/cholesterol mixtures

To construct a calibration model, a total of 21 independent
samples were prepared by one of the selected methods to obtain
binary mixtures consisting of 0–100%, w/w, lecithin and choles-
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where Ci,pred is the predicted concentration of sample i, Ci,true the
true concentration of sample i, and M is the number of samples.
Mahalanobis distance is a measure of similarity between exam-
ined spectra and calibration spectra. The algorithm to obtain
this parameter is well described in the literature [32,33]. For
this study, the Mahalanobis distance values were calculated by
the OPUS software. The average of this parameter, when the cal-
ibration model constructed from physical mixing samples was
used to predict the amount of lecithin present in the lipid mix-
tures prepared by the remaining methods, and the mean absolute
residue was applied to determine the quality of the predicted val-
ues. The mean absolute residue is defined as:

Mean absolute residue = 1

M
·

M∑
i=1

|Ci,pred − Ci,true|

3. Results and discussion

3.1. Raman spectra of cholesterol/lecithin mixtures
prepared by physical mixing

Raman spectra of lecithin and cholesterol are shown in Fig. 1.
The assignment of the Raman bands is summarized in Table 1.
According to the molecular structure of phospholipid, vibra-
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ecithi
erol. Calibration models were constructed for each method of
reparation by cross validation (leave-one-out). Raman spectra
rom each set of preparations were first adjusted for scattering
ifferences associated with sample packing and laser intensity
uctuations utilizing multiplicative scattering correction (MSC).
he wavenumber ranges were selected to take into account inter-
ctions that could occur in the hydrophobic, interfacial, and
eadgroup regions of the phospholipid. For comparison, all of
he models were constructed using the same wavelength ranges
nd number of PLS factors. In addition to correlation coefficients
R2), the root mean square error of cross validation (RMSECV)
as considered as a criterion to assess linearity and predictive

bility of each calibration model:

MSECV =
√√√√ 1

M
·

M∑
i=1

(Ci,pred − Ci,true)2

Fig. 1. Raman spectra of l
ional spectroscopy presents various peaks which can be classi-
ed into three regions: the hydrophobic chain consisting of C H
tretching modes, CH2 deformation, CH2 twisting, and C C
tretching modes, the interfacial region containing C O stretch-
ng, and the polar headgroup region comprising of a band of
O2

− asymmetric stretching and C N stretching [17,20,29,34].
In the lecithin spectrum, the most intense bands at 2881

nd 2846 cm−1 in the C H stretching region are assigned to
symmetric and symmetric methylene stretching, respectively
17]. Vibration of terminal methyl groups attributes to a sym-
etric C H stretching band at 2932 cm−1 [35,36]. Bunow and
evin described the 2959 cm−1 line as characteristic of both the
ethylene asymmetric stretching and the terminal methyl sym-
etric stretching [36]. The choline methyl asymmetric stretch-

ng mode is located at 3035 cm−1 [17,20,37]. CH2 deformation
eaks appear at 1456 and 1438 cm−1. The 1295 cm−1 line was
ssigned to the CH2 twisting mode [38]. The C C stretching

n and cholesterol powder.
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Table 1
Assignment of Raman bands observed in lecithin and cholesterol powder

Raman bands (cm−1) Assignment

Measurement Reference

Lecithin powder
3035 3039b νasym N(CH3) choline
2959 2962k,l νasym ( CH3) + νasym N(CH3) choline
2933 2932a,c νsym ( CH3)
2881 2880c,d,f,I νasym ( CH2)
2846 2845f νsym ( CH2)
2725 2725d δs ( CH2) + ρw ( CH2)
1737 1735e ν (C O)
1456 1460f δd ( CH2)
1438 1436f δd ( CH2)
1295 1296e ρt ( CH2)
1129 1128f,j ν (C C)trans

1100 1100j ν (C C)trans

1062 1062f,j ν (C C)trans

874 874a,g νsym (C N)gauche and δd ( CH2)
718 717a,g,i νsym (C N)gauche

Cholesterol powder
2931 2936h νsym ( CH2)
2903 2906h νasym ( CH2)
2867 2868h νsym ( CH3)
2850 2850h νsym ( CH2)
1671 1671f ν (C C)
1463 1468h δd ( CH2)
1438 1444h δd ( CH2)

700 700h δr ( CH2)

References: (a) Sailer et al. [34], (b) Gaber and Peticolas [40], (c) Schrader [35],
(d) Capelle et al. [42], (e) Kint et al. [38], (f) Bush et al. [17], (g) Lhert et al. [43],
(h) Faiman [39], (i) O’Leary [29], (j) Levin [20], (k) Bunow and Levin [36], (l)
Mendelsohn [18]. Abbreviations: ν, stretching vibration; sym, symmetric; asym,
asymmetric; δd, deformation; δs, scissoring; ρw, wagging; ρr, rocking; and ρt,
twisting.

modes present three bands at 1129, 1100, and 1062 cm−1 cor-
responding to all-trans conformation of the acyl chain [20].
Vibration of the carbonyl group in the interfacial region gives a
weak band at 1737 cm−1 [38]. In accordance with other studies,
the only Raman band found in the headgroup region originates
from C N stretching and appeared at 718 cm−1 [18,29].

The spectrum of cholesterol shows two regions of strong
bands; the first are C H stretching modes at 2700–3100 cm−1

and the second CH2 deformation modes which have bands at
1400–1500 cm−1 [39]. More specifically, methylene asymmet-
ric stretching is located at 2903 cm−1 and symmetric stretching
bands appear at 2931 and 2850 cm−1 [39]. In addition there is a
band at 1671 cm−1 which is assigned to the C C stretch [15,17].

The absence of interactions in phospholipid–cholesterol mix-
tures prepared by the physical mixing method was demonstrated
by Khan and Tucker [9]. They reported the transition peak at
46 ◦C obtained by DSC analysis of hydrated egg lecithin was not
affected by physically mixing lecithin with cholesterol. There-
fore, alterations in the spectrum of binary mixtures from the
physical mixing samples are likely to originate solely from the
different ratios of characteristic peaks from each component in
the lipid mixtures at particular concentrations. Raman spectra of
binary mixtures of lecithin and cholesterol in the hydrophobic
chain and headgroup regions are shown in Fig. 2. Increasing the

amount of cholesterol progressively shifts a number of bands
to higher wavenumbers; the symmetric CH2 stretching mode
shifts from 2846 to 2850 cm−1, the asymmetric CH2 stretch-
ing mode shifts from 2881 to 2883 cm−1, and the CH3 choline
headgroup mode shifts from 3035 to 3039 cm−1. Shifts to lower
wavenumber with increasing cholesterol concentration are also
observed; the symmetric C H stretching of the chain terminal
CH3 at 2933 cm−1 shifts slightly to 2931 cm−1. The Raman
spectra of phospholipid and cholesterol contain a similar band
at 1438 cm−1 (CH2 deformation) which is unshifted with addi-
tion of cholesterol.

3.2. Effect of preparation methods of 1:1, w/w,
lecithin/cholesterol mixtures on Raman spectra

The preparation methods for lecithin/cholesterol mixtures
were selected so that the lipid mixtures were exposed to dif-
ferent levels of mixing, water content, and temperature as these
parameters were expected to affect the degree of molecular inter-
action. Table 2 summarizes the expected relative levels of sample
homogeneity, water content and temperature exposure for each
of the mixture preparation methods. Granulation was expected
to reduce mixing errors compared to physical mixing and result
in improved sample homogeneity. The use of water as binder
in wet granulation enhances the water content in the mixtures
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nd in turn this could increase interactions in these mixtures.
ranulation samples were not heated above the chain melting

ransition temperature for lecithin, so effects of temperature on
he potential for interaction are minimal. Samples prepared by
oprecipitation should result in improved sample homogene-
ty compared with physical mixing and granulation if lecithin
nd cholesterol recrystallize together from the organic solvent.
ower sample homogeneity would occur if lecithin and choles-

erol fractions recrystallized at different rates from the organic
olvent. This phenomenon was reported by Huang et al. [22]
hen thin film hydration or lyophilization methods were used.
oreover, if an excess amount of water is used to hydrate the

amples an opportunity for molecular interaction exists. Hydra-
ion of lipid films was performed at room temperature so the
ffects of temperature on the interaction were considered to be
imilar to the first two methods. Among the selected methods,
he hydration and heating (65 ◦C) method was expected to be

able 2
ummary of the variables in each preparation method

reparation method Homogeneity Water
content

Temperature
exposure

hysical mixing + + +
ranulation ++ ++ +
oprecipitation ++ or +++ +++ +
ydration and heating (65 ◦C) +++ +++ +++
eat (120◦) + − or + +++

bbreviations: homogeneity: +++ = excellent, ++ = very good, and + = good;
ater content: +++ = added excess water, ++ = added small amount of water,
= no added water, − = loss of water; temperature exposure: + = room tem-
erature or temperature under the phase transition temperature of lecithin and
++ = temperature above the phase transition temperature of lecithin.
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Fig. 2. Raman spectra of lecithin, cholesterol, and lipid mixtures at (I) C H stretching, (II) CH2 deformation, (III) CH2 twisting, (IV) C C stretching, (V) C H
stretching of the methyl groups at the ammonium terminal of choline headgroup, and (VI) C N stretching modes; where (a) 100%, w/w, lecithin; (b) 80%, w/w,
lecithin; (c) 60%, w/w, lecithin; (d) 50%, w/w, lecithin; (e) 40%, w/w, lecithin; (f) 20%, w/w, lecithin; (g) 0%, w/w, lecithin.

the most likely to create mixtures with high degree of inter-
actions. This is because water was present and the suspended
lipid mixture was heated above the chain melting transition
temperature of hydrated lecithin. Heating (120 ◦C) method was
also expected to create opportunities for molecular interac-
tion because although water was not added the samples were
heated to above the chain melting transition temperature for dry
lecithin.

Fig. 3 shows the Raman spectra of the hydrophobic regions
for 1:1, w/w, mixtures of lecithin:cholesterol for each prepara-
tion method (a–e). In addition, a computed spectrum created by
mathematically adding a pure lecithin powder spectrum with a
pure cholesterol spectrum was also included in Fig. 3(f). No sig-
nificant modifications from the computed spectra were seen with
any of the preparation methods suggesting cholesterol did not
interact with the hydrophobic region of lecithin. C H stretching
modes are highly sensitive to modifications of the acyl chain
of the phospholipid. Disruption of regular ordering of phos-
pholipid leads to a decrease in the intensity but an increase in

the frequency of the asymmetric methylene stretching band at
2881 cm−1 [20,40]. Simultaneously, a rise in the intensity and
wavenumber of the 2933 cm−1 band is also observed. In addi-
tion, a decrease in the intensity of the main CH2 deformation
peak at 1460 cm−1 and an increase in the width of this peak
into a shoulder of the 1436 cm−1 line is often detected upon
lattice disordering [17]. Furthermore, the CH2 twisting band
often generates a shift from 1296 to 1300 cm−1 together with
band broadening upon increasing chain mobility with decreasing
conformational order [38]. Contrary to our results, Bush et al.
[17] reported a slight increase in the intensity of the 2938 cm−1

line associated with C H stretching and a decrease in the inten-
sity of 1460 cm−1 band associated with CH2 deformation mode
on increasing cholesterol concentrations in anhydrous DPPC up
to 30 mol% at ambient temperature. However, consistent with
our results they reported C C stretching modes at 1130 and
1062 cm−1 were unchanged for anhydrous DPPC–cholesterol
mixtures of cholesterol [17]. The authors concluded that the
addition of up to 30 mol% cholesterol to anhydrous bilayers
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Fig. 3. Raman spectra of lecithin and cholesterol mixtures (1:1, w/w) at (I) C H
stretching, (II) CH2 deformation, (III) CH2 twisting, (IV) and C C stretching
modes. (a) Physical mixing; (b) granulation; (c) coprecipitation; (d) hydration
and heating (65 ◦C); (e) heating (120 ◦C); (f) computed spectrum.

alters lateral chain interaction without developing trans/gauche
isomerisation.

Fig. 4 shows the regions of phospholipid headgroup vibra-
tions in the Raman spectra. The most obvious spectral shift as a
function of lipid composition involves the 3037 cm−1 choline
headgroup CH3 stretch (Fig. 4(I)). The wavenumber of this
band is found at 3037 cm−1 in the spectra of physical mix-
ing (a), granulation (b), and computed (f) spectra. However in
co-precipitation (c) hydration and heating (65 ◦C) (d), and heat-
ing (120 ◦C) (e) samples this band shifts to 3034, 3035, and
3031 cm−1, respectively. These shifts were observed in measure-
ments made on three independently prepared mixtures and may
suggest a conformational modification of phospholipid head-
group. However, the absence of change in the C N stretching

Fig. 4. Raman spectra of lecithin and cholesterol mixtures (1:1, w/w) at head-
group regions: (I) C H stretching of the methyl groups at the ammonium
terminal of choline headgroup and (II) C N stretching modes. (a) physical
mixing; (b) granulation; (c) coprecipitation; (d) hydration and heating (65 ◦C);
(e) heating (120 ◦C); (f) computed spectrum.

band at 718 cm−1 (Fig. 4(II)) indicates that such an alteration is
not associated with this atom group.

Although the main driving force of phospholipid and choles-
terol interactions is thought to be hydrophobic interactions, the
possibility of an interaction via direct and indirect hydrogen
bonding between hydroxyl group of cholesterol and polar groups
of phospholipid has been demonstrated [14,25]. The insertion
of cholesterol by placing its hydroxyl group close to the ester
carbonyl group of phospholipid and its sterol tetracyclic ring
extending towards the hydrophobic region of phospholipid the-
oretically permits hydrogen bonding [5,41]. Considering the
species of molecules presented in the lipid mixtures (phospho-
lipid, cholesterol, and water), the potential modes of hydrogen
bonding are: (1) a direct hydrogen bond between cholesterol
hydroxyl group and any oxygen in a lecithin molecule (car-
bonyl or phosphate oxygen) [6,25], (2) an indirect hydrogen
bond between two molecules (two phospholipids, two choles-
terols or phospholipid and cholesterol) via a water bridge [6,25],
and (3) a hydrogen bond [25] or charged pair interaction [6]
between the hydroxyl group of cholesterol and the methyl group
of the choline moiety (Fig. 5). In the preparations to which no
water was added, the importance of hydrogen bonding via a
water bridge cannot be eliminated at this stage owing to the fact
that the crystalline structure of phospholipid often contains a
few molecules of water strongly bound to the headgroup region.
S
q
b
c
b
l
r

ince the carbonyl and phosphate vibrations do not give ade-
uate Raman signals, no interpretation regarding the hydrogen
onding to these modes could be obtained in this study. Recently,
omputer modeling studies have suggested hydrogen bonding
etween the methyl group of the choline moiety of the phospho-
ipid and the hydroxyl oxygen of cholesterol play an important
ole in phospholipid–cholesterol interactions [25]. The red shift
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Fig. 5. Schematic drawing illustrating a possible hydrogen bonding leading to
an elongation of the C H bond and, consequently, resulting in a lowered C H
stretching frequency. R1 and R2 are referring to CH2 hydrocarbon chains at
positions 1 and 2 of the glycerol backbone of lecithin.

we observed in the choline methyl group vibration in Fig. 4(I)
for formulations where lecithin and cholesterol were intimately
mixed (spectra c, d, and e) gives experimental evidence to sug-
gest that this group is involved.

In conclusion, no considerable difference in the spectra in
the hydrophobic region was detected by visual observation
of the spectra obtained from different methods of lecithin/
cholesterol preparations. However slight increases in the fre-
quency of methyl groups at choline headgroup vibration were
observed. Progressive decrease in the wavenumber may imply
increasing degrees of interaction occurred at the headgroup
region in the following order: physical mixing ≈ granulation
< coprecipitation ≈ hydration and heating (65 ◦C) < heating
(120 ◦C).

3.3. Quantitative analysis of lecithin–cholesterol mixtures

A representative PLS regression with 95% confidence predic-
tion intervals of actual versus predicted concentration of lecithin
from physical mixing samples is given in Fig. 6. The plot illus-
trates that there is a well defined relationship between the actual
and predicted concentrations over the entire concentration range.
Similar results were obtained when the regressions were gen-
erated using the data from the other preparation methods. A
summary of the calibration models is shown in Table 3. Calibra-
t ◦

Fig. 6. Actual vs. predicted concentration of lecithin from binary lecithin/
cholesterol mixtures prepared by the physical mixing method.

Table 4
A summary of the assessment of quality of predicted values when the calibration
from physical mixing samples was used to predict lipid mixtures prepared by
the other methods

Data Mean absolute
residual ± S.D.

Mean Mahalanobis
distance ± S.D.

Physical mixing 0.70 ± 0.45 0.10 ± 0.08
Granulation 0.81 ± 0.70 0.13 ± 0.16
Coprecipitation 2.72 ± 1.16 0.32 ± 0.33
Hydration and heating (65 ◦C) 2.68 ± 1.12 0.23 ± 0.20
Heating (120 ◦C) 2.78 ± 1.49 0.22 ± 0.23

exhibited lower R2 and higher RMSECV parameters compared
to the other methods. This implies the calibration models from
granulation, coprecipitation, and hydration and heating (65 ◦C)
samples have less variability compared to those of physical mix-
ing and heating (120 ◦C) methods. As mentioned previously
(Table 2) both physical mixing and heating (120 ◦C) methods
could suffer from poor mixing, and this could partly be respon-
sible for a higher variability in their calibration models.

Using the calibration model built from physically mixed sam-
ples, multivariate analysis was used to predict lecithin concen-
trations from spectra obtained by different preparation methods
(granulation, coprecipitation, hydration and heating (65 ◦C), and
heating (120 ◦C)). Table 4 reports the mean absolute residual and
the mean Mahalanobis distances. The low absolute residuals

T
C es

D Number of PLS factors R2 RMSECV

P 2 99.85 1.22
G 2 99.93 0.81
C 2 99.95 0.69
H 2 99.94 0.79
H 2 99.73 1.65
ion models from physical mixing and heating (120 C) methods

able 3
haracteristics of the various calibration models for lecithin–cholesterol mixtur

ata Wavenumber ranges

hysical mixing 3061.2–2798.8 and 1780.4–1018.6
ranulation 3061.2–2798.8 and 1780.4–1018.6
oprecipitation 3061.2–2798.8 and 1780.4–1018.6
ydration and heating (65 ◦C) 3061.2–2798.8 and 1780.4–1018.6
eating (120 ◦C) 3061.2–2798.8 and 1780.4–1018.6
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and mean Mahalanobis distances suggest the model generated
from the physical mix standards adequately describes mixes pre-
pared by any of the other techniques. Therefore, this model
which has considerably simpler sample preparation may be
used for the quantitative analysis of lecithin in the lipid mix-
tures. Nonetheless, higher mean Mahalanobis distances were
obtained when the samples were prepared by coprecipitation,
hydration and heating (65 ◦C), and heating (120 ◦C) methods
indicating some dissimilarity between the spectra obtained from
these procedures and those of physical mixing samples. A plau-
sible reason for the difference in the spectra between physical
mixing/granulation methods and coprecipitation/hydration and
heating (65 ◦C)/heating (120 ◦C) methods could originate from
higher levels of interactions between lecithin and cholesterol
in these three mixtures. Considering the granulation method,
this technique is very similar to physical mixing apart from an
addition of a small amount of water in to the mixtures. The
small amount of the added water at room temperature may
not be sufficient to induce a phase change in lecithin. Even
though the hydration of lipid films in the coprecipitation method
was also done at temperatures lower than the transition tem-
perature, the lipid powders while co-dissolving in chloroform
might develop a certain degree of interaction. This could lead
to a higher degree of interactions in this set of lipid mixtures
compared to physical mixing and granulation. The interac-
tions between lecithin and cholesterol in the samples prepared
b
o
l
i
t
r

4

•

•

•

•

•

method to monitor interactions in mixtures prepared by dif-
ferent formulation techniques.
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