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bstract

The adsorption of bovine serum albumin (BSA) to lecithin was investigated by ATR-FTIR spectroscopy. Lecithin films were prepared by casting
liquots of 3.2 �g lecithin in methanol onto ZnSe ATR prisms. Surface morphology and the thickness of the films were investigated by laser
canning confocal electron microscopy and scanning electron microscopy and the thickness of the films used for adsorption studies was estimated
o be 40 Å. The dependency of the C O peak area on the lecithin mass in the calibration curve confirms that the thickness of the film is below the
enetration depth of the infrared evanescent wave. Size exclusion HPLC and fluorescence spectroscopy show that BSA conformation in up to 1 M

aCl and CaCl2 solutions is similar to that in water with no aggregation or changes in protein conformation seen over 4 h. The kinetics of BSA

dsorption on the lecithin film from water, NaCl and CaCl2 solutions demonstrates that ions promote the protein adsorption. BSA bound more in
he presence of NaCl compared to CaCl2 at equivalent concentrations. The adsorption appeared greatest at a 0.1 M concentration for both NaCl
nd CaCl2. The results are explained in terms of absorptive reactivity of BSA and lecithin surfaces upon salt addition.

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

Liposomes as particulate phospholipid dispersions have
hown promise as targeted drug delivery systems for cytotoxic
gents, vaccine antigens and DNA (Oku et al., 2001; Harrington
t al., 2002; Leserman, 2004). Upon hydration, the polar head-
roups of phospholipids readily orientate towards the bulk water
hase whereas the hydrophobic tail groups associate away from
he water (Harrington et al., 2002). Polar headgroup surfaces
external and internal) are therefore available to interact with
rotein in solution during formulation. When therapeutic agents

ave higher ordered structures, such as the secondary and ter-
iary structures of proteins, it is important to study changes in
hese structures that may occur during their formulation, stor-
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ge and use and the effects of formulation excipients on these
tructures so that losses in biological activity can be minimized.

In mixtures that comprise protein, water and phospholipid,
any potential interfaces exist throughout the system. Upon

dsorption at an interface the native structure of the protein can
e disrupted and, subsequently, a loss or decrease in the bio-
ogical activity may occur (Green et al., 1999; Sethuraman and
elfort, 2005; Mollmann et al., 2006). Additionally, any per-

urbed proteins which desorb from hydrophobic surfaces can
ct as precursors to protein aggregation (Norde and Giacomelli,
000). The severity of conformational alteration depends on
he characteristics of protein, surfaces and the environment
nvolved. Binding of horseradish peroxidase (HRP) onto a mica
urface is accompanied by a strong protein–protein interaction of
he adsorbed proteins and subsequently induced aggregation of
he molecules at the interface (Tang et al., 2002). While a mod-

fication in the tertiary structure was detected, HRP retained
ts secondary structure and enzymatic activity upon adsorp-
ion onto dimyristoylphosphatidylcholine (DMPC) membranes.
dditional to the issues concerning the stability of the bioactive
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dx.doi.org/10.1016/j.ijpharm.2006.12.021
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olecules, protein adsorption onto a phospholipid interface may
hange the surface rheological behaviour from a liquid-like to a
el-like monolayer, increase monolayer surface roughness, and
nduce flocculation or aggregation of liposomes (Bergers et al.,
993; Dimitrova et al., 1997; Roberts et al., 2005; De Souza et
l., 2006). Therefore, the investigation of lipid–protein interac-
ions is necessary to achieve a better understanding of the protein
elease from lipid based delivery systems.

We hypothesize that the reactivity towards protein adsorp-
ion of the phospholipid headgroup surfaces is dependant on
ydration and dehydration effects caused by excipients such
s salts in the formulation. Attenuated total reflectance Fourier
ransform infrared (ATR-FTIR) spectroscopy is a technique that
an be used to study the association of solute molecules onto
xed surfaces (Hubner and Blume, 1998; Vermette et al., 2003;
cClellan and Franses, 2005) and therefore can potentially be

sed to study adsorption of proteins onto phospholipids. In this
aper we describe an application of ATR-FTIR spectroscopy to
tudy adsorption of bovine serum albumin (BSA) onto hydrated
ecithin films from aqueous solutions in the presence of sodium
hloride and calcium chloride. BSA is a globular protein with
n approximate molecular weight 66 kDa. It has been consid-
red as a soft protein, implying that the molecules have a high
otential to undergo structural rearrangements upon adsorption
nto interfaces (McClellan and Franses, 2005).

. Materials and methods

.1. Materials

Freeze dried BSA was purchased from Sigma (Australia)
nd stored at −20 ◦C over dried silica. Hydrogenated soybean
ecithin (Lipoid S100-3) was purchased from Lipoid (Germany).
odium chloride was obtained from Merck (Germany). Calcium
hloride dihydrate was from Fluka (Australia). All other chem-
cals were analytical grade purchased from BDH Chemicals
England).

.2. ATR-FTIR measurements

ATR-FTIR interferograms were acquired using a BioRad
TS 175C FTIR spectrometer fitted with a ZnSe multiple reflec-

ion prism (Pike technologies, trough plate) with a fixed incident
ngle of 45◦, 10 reflections, and an area of 4.32 cm2. A flow cell
abricated to allow liquids to be passed over the ZnSe surface
as fitted and connected to a peristaltic pump (ISCO Tris). A
ow rate of 2.0 ml/min was used in all experiments. To mini-
ize the effects of water vapor on the IR spectra, the chamber

ontaining the ATR cell was continuously purged with dry air.
ingle beam spectra were collected from 16 scans at a resolution
f 4 cm−1 and the data was manipulated using GRAMS/AI 7.01
Galactic Industries Corp.).
.3. Characterization of the lecithin film by ATR-FTIR

Prior to the experiment, the ZnSe surface was polished with
slurry of aluminium oxide (particle size 0.015 �m) in water
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nd then washed with water and methanol. Lecithin films were
repared by casting 200 �l of 0.0008–0.1% (w/v) lecithin in
ethanol (equivalent to 1.6–200 �g lecithin mass) onto the ZnSe

rism. The methanol was evaporated over an hour in a dessicator
ith dried silica gel followed by a water pump vacuum for 10 min

t room temperature. The absorbance spectra of lecithin films
rom increasing concentrations (n = 10 for 0.0016%, w/v lecithin
nd n = 3 for the other concentrations) were obtained using the
lank ZnSe as the background.

.4. Adsorption studies

Films cast from 3.2 �g lecithin were hydrated by passing
queous solutions containing 0, 0.1 and 1.0 M NaCl or CaCl2
ver the surface for 60 min at room temperature. Then the solu-
ion was replaced with 0.01% (w/v) BSA in the corresponding
alt solutions and recirculated for a further 60 min (n = 3–4). All
f the solutions were filtered (0.45 �m membrane) prior to use.
eposition of BSA on the hydrated lecithin films was determined
y converting the interferograms after BSA was added to the cir-
ulating solutions to absorbance spectra using the interferogram
f hydrated lecithin at 60 min as the background. The kinetics of
SA adsorption onto lecithin was monitored by determining the

ncrease in the integrated amide II peak area (1600–1480 cm−1)
ver time.

.5. Image analyses

To investigate the film properties, lecithin films were cast
rom aliquots of 200 �g lecithin in methanol onto glass
icroscopy slides having the same surface area as the ZnSe

rism used in the ATR study (n = 2). The surface morphol-
gy was investigated using laser scanning confocal electron
icroscopy (LSCM) in the reflectance scanning mode (Zeiss

10 LSM confocal with Axioplan 2 upright microscope). To
etermine the film thickness, the glass slide was cracked through
he lecithin film. The cross-sectional surface was sputter coated
ith 5 nm gold palladium (Emitech K575X) and viewed by scan-
ing electron microscopy (JEOL 6700F field emission SEM).
he film thickness was obtained by measuring the distance
etween the film and glass surface. The reported value is the
verage obtained from three measurement from two independent
uts in each film.

.6. Size exclusion HPLC (SE-HPLC)

SE-HPLC was used to monitor aggregation of 0.01% (w/v)
SA in 0, 0.1, 1, 3 and 5 M NaCl solutions. Solutions were incu-
ated in a 25 ◦C shaking (60 rpm) water bath for 0, 0.5, 1, and 4 h
n = 2). Analysis was performed using a BioSep-SEC-S2000 col-
mn (5 �m hydrophilic bonded silica, 300 mm × 7.8 mm from
henomenex). The mobile phase comprised 10 mM sodium
hosphate buffer, 100 mM NaCl, pH 7.0 with a flow rate of

.8 ml/min. The injection volume was 100 �l. Chromatograms
ere acquired using a UV absorption detector at 220 and 280 nm

nd a fluorescence detector with an excitation wavelength of
97 nm and emission at 338 nm.
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used in this study. The reflectance image from LSCM shows
that lecithin films exhibited a rough surface (Fig. 3a). When
the glass slides were cracked and the transverse section though
2 R. Tantipolphan et al. / International J

.7. Fluorescence spectroscopy

Changes in the intrinsic fluorescence intensity and maximum
avelength in the fluorescence emission spectra were used to

nvestigate conformational perturbation of BSA in salt solu-
ions (0, 0.1, 1, 3 and 5 M NaCl and CaCl2). The samples were
xcited at 297 nm and the emission spectra were recorded from
00 to 400 nm using a Shimadzu RF540 spectrofluorometer at
oom temperature. The excitation and emission monochromator
andwidths were 5 nm. One-way ANOVA was used to test the
ifferences in the emission intensities and was performed using
initab Release 14.12.0 (Minitab Inc.).

. Results

.1. ATR-FTIR spectra and morphology of lecithin films

Fig. 1 shows a typical absorbance spectrum of a lecithin
lm cast on the ZnSe prism. The most prominent features are
ands corresponding to the hydrophobic tail regions at 2850,
917, 2956, and 1468 cm−1. These represent symmetric CH2
υsCH2), antisymmetric CH2 (υasCH2), antisymmetric CH3
υasCH3) stretching and CH2 scissoring, respectively (Mantsch
nd McElhaney, 1991; Tamm and Tatulian, 1997; McClellan
nd Franses, 2005). The peak at 1737 cm−1 represents the C O
tretching. This group is located between hydrophobic tails and
ydrophilic head group of the lecithin molecule. The peak at
168 cm−1 is assigned to asymmetric CO–O–C stretching. The
+(CH3)3 stretching is located at 972 cm−1. Peaks at 1240 and
092 cm−1 arise from the vibrations of antisymmetric (υas) and
ymmetric (υs) PO2

− stretching.
Films deposited on the ZnSe were characterized by mon-

toring the C O stretching. The integrated C O peak area
1770–1700 cm−1) of the films cast from 1.6 to 200 �g lecithin
n methanol were used to prepare a calibration curve. Fig. 2
hows that the peak area increases linearly upon increasing
he concentration of lecithin in methanol solution (R2 > 0.99).

o minimize the variability of the film surface from sample to
ample, lecithin films prepared from 3.2 �g (or 0.0016%, w/v)
ecithin in methanol solution having the integrated peak area
etween 0.18 and 0.13 cm−1 were used for adsorption studies.

ig. 1. ATR spectrum of a lecithin film cast on a ZnSe multireflectance prism
surface area = 4.32 cm2) from 3.2 �g lecithin in methanol.

F
o
s

ig. 2. Calibration curve prepared from integrated C O peak area
1770–1700 cm−1) of lecithin films cast on ZnSe prism from 1.6 to 200 �g
ecithin in methanol.

Film thickness and morphology were studied from the films
ast from 200 �g lecithin in methanol and inference about the
hysical form of the thinner films had to be made from these
esults due to the resolution limitation of the imaging techniques
ig. 3. (a) LSCM image from a reflectance scan of the lecithin film. SEM images
f lecithin film at (b) 5000× and (c) 50,000× magnifications. The arrows in (b)
how defects in the film. Films were prepared by deposition of 200 �g lecithin.
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Fig. 4. ATR-FTIR absorbance spectra showing increased deposition of BSA
from 0.01% (w/v) BSA in (a) water and (b) 0.1 M NaCl solution onto lecithin
over 60 min. From the bottom to the top spectra, the single beam interferograms
taken at 1, 10, 20, 30, 40, 50, and 60 min were converted to ATR spectra using the
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ingle beam interferogram taken after the film was hydrated with salt solutions
or 60 min as a background.

he film examined using SEM (Fig. 3b), the image did confirm
he existence of some imperfections as marked by the arrows
n Fig. 3b. Closer examination of the imperfections suggested
hese were small holes of less than 0.5 �m diameter. The average
hickness of the films was estimated to be 260 ± 38 nm (Fig. 3c).
sing this information and the mass of the lecithin, the thickness
f the film cast from the 3.2 �g lecithin was estimated to be
pproximately 40 Å.

.2. Kinetics of BSA adsorption onto the lecithin surface

A progressive growth of the amide bands was seen when
olutions of 0.01% (w/v) BSA were passed over lecithin on
nSe. Fig. 4a and b show the amide band appearance from

ater and 0.1 M NaCl solutions, respectively. The amide I peak

entered at 1655 cm−1 and the amide II band at 1545 cm−1,
hich is consistent with published band positions (McClellan

nd Franses, 2005; Sethuraman and Belfort, 2005). The amide

t
s
U
s

ig. 5. Kinetics of BSA deposition from aqueous salt solutions onto hydrated
ecithin films.

I band is reported to be less conformational sensitive than
he amide I band and has been used for quantitative analysis
f protein deposition onto various interfaces (Fu et al., 1993;
ermette et al., 2003). Using the peak area of the amide II band

he kinetics of deposition of BSA onto lecithin film was deter-
ined (Fig. 5). These results indicate that salts (NaCl and CaCl2)

romote the adsorption of BSA onto lecithin surfaces. Without
alts, BSA adsorption was the lowest and an equilibrium was
eached after about 40 min. From NaCl and CaCl2 solutions,
ore BSA was adsorbed and equilibrium was not reached within

he 60 min experiment. Interestingly, BSA deposition appeared
reatest at the lower salt concentration (0.1 M) for both NaCl
nd CaCl2. Furthermore BSA adsorption from NaCl solutions
ppeared higher than from CaCl2 solutions for both 0.1 and 1 M
oncentrations.

.3. SE-HPLC of BSA in NaCl solutions

SE-HPLC is a commonly used technique to investigate
rotein aggregation (Wang, 1999). Fig. 6 shows typical size
xclusion chromatograms of BSA consisting of dimer and
onomer peaks at 8.2 and 9.1 min, respectively. The absence of

eaks prior to the dimer peak upon addition of up to 3 M NaCl
ndicates that BSA did not aggregate in the solutions. The chro-

atograms obtained when up to 3 M NaCl was added appeared
imilar to that in water suggesting that BSA has a similar molecu-
ar shape in these solutions. Changes in the chromatogram seen
n 5 M NaCl solution included a broadening of the monomer
eak, a shift of the peak retention time to approximately 9.6 min
nd an appearance of a shoulder at 9.1 min. Upon incubation
t 25 ◦C for 4 h, the chromatograms in 0–3 M NaCl samples
ppeared unchanged (Fig. 6b). In 5 M NaCl, a progressive broad-
ning and shift in the retention time of the monomer peak to
pproximately 9.7 min was observed along with an increase in

he peak shoulder. A summary of the retention times from each
ample is given in Table 1. Similar results were obtained for
V detection at 280 nm and fluorescence detection (data not

hown).
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Table 1
Retention times of the BSA dimer (top) and monomer (bottom) peaks in size exclusion chromatograms

Incubation time (h) NaCl concentration (M)

0 0.1 1 3 5

0 8.24 ± 0.03 8.23 ± 0.02 8.25 ± 0.02 8.25 ± 0.01 8.30 ± 0.02
9.06 ± 0.06 9.05 ± 0.03 9.07 ± 0.04 9.10 ± 0.01 9.61 ± 0.05

0.5 8.25 ± 0.01 8.28 ± 0.05 8.29 ± 0.02 8.28 ± 0.01 8.32 ± 0.03
9.08 ± 0.01 9.11 ± 0.04 9.11 ± 0.01 9.13 ± 0.01 9.64 ± 0.01

1 8.28 ± 0.04 8.27 ± 0.01 8.28 ± 0.02 8.26 ± 0.05 8.33 ± 0.04
9.10 ± 0.04 9.10 ± 0.01 9.12 ± 0.02 9.11 ± 0.04 9.67 ± 0.02

4

3
s

a
o
i

F
a
w

r
s
a

8.22 ± 0.05 8.28 ± 0.01
9.04 ± 0.05 9.10 ± 0.01

.4. Fluorescence spectroscopy of BSA in NaCl and CaCl2
olutions
Changes in the fluorescence emission intensity at 338 nm
nd the maximum wavelength (λmax) in the emission spectra
n incubation of BSA in NaCl and CaCl2 solutions are shown
n Fig. 7a and b, respectively. A shift in the intensity and λmax

ig. 6. Typical size exclusion chromatograms of BSA in NaCl solutions using
UV detector at 220 nm. The chromatograms were obtained after the samples
ere incubated at 25 ◦C for (a) 0 h and (b) 4 h.
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8.28 ± 0.00 8.31 ± 0.02 8.32 ± 0.01
9.11 ± 0.01 9.15 ± 0.02 9.71 ± 0.09

eflects changes in the protein conformation. Intensity decreased
lightly in 3 and 5 M NaCl solutions and dropped sharply in 3
nd 5 M CaCl2 solutions (Fig. 7a). At the same time, the λmax in
he fluorescence emission spectra shifted slightly from 344 nm
n aqueous solution to 342 nm for 5 M NaCl and to 331 nm for 3
nd 5 M CaCl2 solutions (Fig. 7b). These results suggest that the
onformation of BSA in 3 and 5 M CaCl2 and NaCl solutions
iffer from that of aqueous solution. No further changes in the
uorescence intensity and λmax were observed after incubation
t 25 ◦C for 4 h.

. Discussion

ATR-FTIR is becoming a valuable technique in the investi-
ation of protein adsorption onto phospholipids (Vermette et
l., 2003; McClellan and Franses, 2005). Fig. 8 illustrates a
chematic drawing of the ATR experimental setup used in this
tudy. An evanescent wave is generated at the point of total inter-
al reflectance of the IR beam which penetrates into the sample
eposited on the surface of the ZnSe prism. This allows infor-
ation on the molecular composition of materials on the ZnSe

urface to be obtained. The depth of penetration of the evanescent
ave depends on the refractive index of the medium in contact
ith the ZnSe surface and the infrared wavelength (Mirabella,
998). For an aqueous salt solution having the refractive index
f 1.5 circulating on the ZnSe prism, the penetration depth at
id-IR ranges from 0.5 to 3 �m. In our work, by ensuring the

ecithin film is thin enough for the evanescent wave to pene-
rate through to the interface between the film and an overlying
queous phase it was possible to study the adsorption of com-
ounds from the bulk solution phase to the interface. Further, to
nvestigate the possible driving force(s) for protein adsorption at
he phospholipid-aqueous interface three areas of interest were
dentified and investigated. These were (i) the deposited lecithin
lm, (ii) the interface and (iii) the bulk solution phases (Fig. 8).

In accordance with previous publications, the ATR spectra of
hin film casts from 3.2 �g lecithin in methanol contained peaks
orresponding to hydrophobic tail groups (C–H stretching) and

ydrophilic headgroup (phosphate vibration) of the phospho-
ipid linked via a glycerol residue as shown in Fig. 1 (Mantsch
nd McElhaney, 1991; McClellan and Franses, 2005). The lin-
ar relationship observed between the peak areas of the C O
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Fig. 7. A summary of (a) the intrinsic fluorescence emission intensity at
338 nm and (b) the λmax in the emission spectra of BSA. The excitation
wavelength = 297 nm. At 0 h, the asterisks indicate statistical differences in
the intensity compared to the intensity from aqueous solution using one-way
ANOVA.

Fig. 8. Diagrammatic presentation of the ATR experiment, showing total inter-
nal reflectance of the IR laser beam and generation of evanescent waves that
penetrate through the sample deposited on the surface of the ZnSe prism.

v
e
t
p
a
t
t
T
i
t
w
i
b
t
e
c
p

b
t
s
I
Z
t
a
d
f
e
B
s
o
I
1
t
s
i
t
0
(
e
p
a
e
a

•

•

•

f
R
t

l of Pharmaceutics 337 (2007) 40–47 45

ibration and lecithin mass (R2 > 0.99, Fig. 2) suggests that the
vanescent IR wave penetrates through the deposited film and
his peak was used to quantify the film thickness of films pre-
ared from up to 200 �g lecithin. LSCM and SEM images were
cquired for films prepared from 200 �g lecithin to characterize
he surface morphology and film thickness, respectively as the
hinner films could not be visualized by microscopy (Fig. 3).
he images reveal that the surface of the film is rough contain-

ng of cracks and holes throughout the layer. The thickness of
he film cast from 200 �g lecithin was 260 ± 38 nm. Therefore,
e estimated the lecithin film thickness in the adsorption stud-

es where the mass of lecithin deposited was 3.2 �g lecithin to
e approximately 40 Å. This thickness is slightly smaller than
he reported thickness of lecithin bilayers (Small, 1986; Tang
t al., 2002). Hence, it is likely that the phospholipid surface
onsists of a mixture of mono and bilayers, and possibly a small
roportion of multilayers.

At the interface the spectral contribution from the protein in
ulk solution was minimized by using a low protein concen-
ration (0.01%, w/v) in the bulk circulating solution. The ATR
pectra in the absence of a lecithin layer show insignificant amide
and II bands at this concentration if no accumulation on the
nSe occurs (data not shown). On recirculating the BSA solu-

ions over hydrated lecithin films progressive increase in the
mide I and II bands over time was seen indicating increased
eposition of BSA onto the lecithin surface. The amide I band
or proteins yields information about secondary structure (Green
t al., 1999; McClellan and Franses, 2005; Sethuraman and
elfort, 2005) but overlapping bands from bulk water in these

tudies resulted in a noisy amide I band so the protein sec-
ndary structure could not be determined (Fig. 4). The amide
I band is not significantly affected by bulk water (Fu et al.,
993; Vermette et al., 2003) and thus was used to quantify
he BSA adsorption. The kinetics of BSA adsorption from salt
olutions onto lecithin films was determined by monitoring
ncreases in the amide II peak area over time and showed that
he amount of adsorbed BSA increased in the following order:
.1 M NaCl > 0.1 M CaCl2 > 1.0 M NaCl > 1.0 M CaCl2 > water
Fig. 5). Therefore, using ATR it was possible to identify differ-
ntial effects of salts and salt concentrations on adsorption of a
rotein onto a phospholipid surface. Potentially this technique
lso lends itself to studying the effects of many other formulation
xcipients on protein adsorption in lipid formulations. From the
dsorption studies reported in this paper it can be concluded that:

BSA adsorption was promoted by salts (either NaCl or
CaCl2);
BSA adsorption at equivalent concentrations (0.1 or 1.0 M)
was greater from NaCl solutions than CaCl2 solutions;
BSA adsorption was greatest for either salt (NaCl or CaCl2)
at the lower concentration.
Protein adsorption involves a wide range of surface and inter-
acial phenomena (Bergers et al., 1993; Green et al., 1999;
oberts et al., 2005). The most important driving forces for

he adsorption appear to be electrostatic and hydrophobic inter-
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ctions. The relative significance of these interactions in any
iven system depends on the concentration and physicochemical
roperties of proteins such as charge and conformation and the
haracteristics of the surface involved. In addition to direct bind-
ng of ions onto protein and phospholipid surfaces, the properties
f the water surrounding molecules in solution are influenced by
ons. Our observation that ions enhance the adsorption of pro-
eins onto lecithin surfaces may result from an increase in the
olarity of the aqueous phase upon salt addition. Therefore, the
roteins tend to escape from this environment by adsorbing to the
ecithin film, i.e., salting-out onto the lecithin film. According to
he Hofmeister series (Cacace et al., 1997; Wang, 1999), Ca2+

s more destabilizing towards proteins than Na+, therefore at an
quivalent molar concentration, we would expect greater depo-
ition (salting-out) of BSA from the CaCl2 solutions. However,
his was not observed in our work so other explanations were
ought.

Ca2+ has been reported to have a higher affinity than Na+

or both protein (Arakawa and Timasheff, 1984) and phospho-
ipids (Kwon et al., 1994; Hubner and Blume, 1998; Binder and
schornig, 2002). Therefore, the less favourable adsorption of
SA from CaCl2 solutions onto lecithin surfaces (Fig. 5) may
ave occurred because either greater protein modification (e.g.,
enaturation or aggregation) occurred in the bulk solution or
a2+ caused a greater modification to the phospholipid surface
n binding.

Binding of Ca2+ to the phospholipid headgroup has been
hown to induce changes in the carbonyl and phosphate vibra-
ions corresponding to headgroup reorientation and lead to the
ehydration of phospholipid headgroup by displacement of the
ater molecules (Kwon et al., 1994; Binder and Zschornig,
002). An accumulation of Ca2+ ions at phospholipid and protein
urfaces may generate positive charge at the interface leading
o increased electrostatic repulsion, and subsequently resulting
n a reduced deposition of BSA onto the lecithin surface in
aCl2 solution. Salt binding effects have been shown to increase
pon increasing salt concentrations. The smaller amount of
SA adsorbed from high salt solutions (NaCl and CaCl2) sug-
ests a modified surface charge by ion adsorption contributes
o reducing protein adsorption at higher salt concentrations.
s mentioned above Ca2+ binds more strongly to phospho-

ipid headgroups than Na+ so at equivalent concentrations BSA
bsorption should be less from CaCl2 than NaCl which is con-
istent with our results.

In the bulk solution phase, ions can affect protein conforma-
ion and solubility via preferential hydration and ion binding

echanisms (Chen, 1992; Wang, 1999). As salt concentrations
ncrease, protein–protein interactions favouring attraction and
ventually aggregation can occur. This effect may also contribute
o the reduction in BSA adsorption to lecithin as salt concen-
ration increased for both NaCl and CaCl2. From the SE-HPLC
nalysis, it was clear that BSA did not aggregate upon incubation
or 4 h in solutions with up to 3 M NaCl (Fig. 6). At 5 M NaCl,

SA chromatograms showed a broadening of the peak shape
ith increasing retention times suggesting that the molecules in
igh salt solution adopt a more compact structure compared to
he native conformation or they interact by an adsorption mech-

R

A
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nism with the HPLC stationary phase. Protein conformation
n CaCl2 solutions was not investigated by SE-HPLC because
he presence of phosphate ions in the mobile phase produced a
isk of CaPO4 precipitation during analysis. Further investiga-
ion of BSA conformation in the presence of NaCl and CaCl2
as performed by fluorescence spectroscopy.
The decrease in the fluorescence intensity (Fig. 7a) and the

lue-shift of the λmax (Fig. 7b) implies that BSA undergoes
tructural modification in 3 and 5 M NaCl and CaCl2 solutions.
eat-induced inactivation of BSA decreases the intrinsic flu-
rescence emission intensity and shifts the λmax from 342 to
34 nm indicating a reduced accessibility of solvent to the trypto-
han residues in the denatured state (Tani et al., 1995). However,
SA unfolding induced by 6 M guanidinium hydrochloride cor-

esponds to a shift of the λmax to 352 nm followed by a greater
ecrease in the intensity compared to the heat treatment (Tani
t al., 1995). Our results suggest that the BSA conformation in
p to 1 M NaCl and CaCl2 solutions are similar to that in water.
alt denaturation (3 and 5 M NaCl and CaCl2) may generate
n intermediate structure that resembles the heat treatment in
hich the molecules apparently adopt a more compact confor-
ation. This conclusion is supported by the SE-HPLC results

hat the monomer peak required a longer time to elute implying
more tightly packed structure in high salt solutions. There-

ore, the reduced adsorption of BSA from 1 M salt (NaCl and
aCl2) solutions in our study is unlikely to be the consequence
f reduced BSA availability for adsorption since the structural
lterations of BSA in the bulk solution phase were not observed
ntil salt concentrations of ≥3 M.

. Conclusions

ATR-FTIR spectroscopy was used to investigate the adsorp-
ion of BSA onto lecithin films. This technique may be
pplicable for studying many of the surface adsorption events
hat occur in protein containing lipid formulations. Our results
ith two salts suggested salt-type (NaCl and CaCl2) and con-

entration were important in modifying BSA adsorption to
hospholipid. The most likely explanation of the increased
dsorption of BSA in the presence of low concentrations of salts
s a salting-out of the protein onto the phospholipid. At higher
oncentrations, or in the presence of salts (Ca2+) with a higher
ffinity for the phospholipid, ion-binding of the salt to the phos-
holipid reduces the interaction of protein from solution with
he lecithin films.
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