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The interface of 10 or 25% (w/v) bovine serum albumin (BSA), pH 7, buffered solution against mineral
or corn oil was studied with a Raman microscope. A gradient of distribution of protein and oil at the
interface was observed. The difference spectrum obtained by subtracting the spectrum of mineral or
corn oil from that of the BSA/oil interface indicated interactions involving different functional groups
of the BSA and the oil molecules. Against mineral oil, the BSA spectrum showed reduced intensity
of the tryptophan band at 750 cm-1 and reduced intensity ratio of the tyrosine doublet at 850-830
cm-1, indicating changes in the microenvironment of these hydrophobic residues. A negative band
at 2850 cm-1 indicated the involvement of the CH groups in the mineral oil. However, the amide
regions, normally assigned to protein secondary structure, were not significantly changed. When the
spectrum of BSA was subtracted from the BSA/mineral oil interface spectrum, the resultant difference
spectrum showed changes of symmetric and antisymmetric CCC stretches at 980 and 1071 cm-1,
respectively. In contrast, the difference spectrum of BSA/corn oil interface - BSA showed a decrease
of CH2 symmetric stretching at 2850 cm-1 and a decrease of unsaturated fatty acid hydrocarbon
chain stretch at 3010 cm-1. Raman spectroscopy is a useful tool to study the nature of protein-lipid
interactions.
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INTRODUCTION

A large number of foods exist in the form of emulsions, such
as milk, cream, mayonnaise, soups, sauces, and butter. Much
research dealing with food emulsion stabilization has examined
improvement of kinetic stability and the use of emulsifying
agents. Stabilization is usually achieved by adding small
surfactant molecules (e.g., polysorbates, phospholipids) and/or
proteins. These species populate the oil/water interface and lower
the interfacial tension or form a mechanically cohesive inter-
facial film around the droplets (1,2).

Proteins, being amphipathic molecules, are often the emulsi-
fier of choice for food processors. From a fundamental perspec-
tive, the relationship between protein structure and emulsifying
activity depends on a combination of factors such as molecular
flexibility, molecular size, surface hydrophobicity, net charge,
and amino acid composition (3). The structure and physical-
chemical properties of lipids also influence the formation and
stability of emulsions and texture of many food products (4).
For example, Funasaki et al. (5) discussed the orientation states
of triacylglycerols at air/water interfaces and postulated different

conformations based on fatty acid chain length. In the case of
triacetin, two of the three chains exist in the air and the other
is in water, whereas tributyrin, tricaproin, and tristearin have
all three of their chains oriented toward the air. All of these
properties of either protein or lipid will influence the protein-
lipid interactions at the interface and will further affect the
formation and stability of the emulsions. An early study (6)
suggested that protein adsorption to the oil/water interface of
food emulsions is diffusion-controlled in the initial stages of
protein-interface interactions. However, even now, limited
information is available on the exact nature of protein-lipid
interactions at the interface.

The surface and interfacial behavior of a number of proteins
has been studied, includingâ-lactoglobulin (7), lysozyme (8),
apomyoglobin (9),â-casein (9),R-casein (9), and BSA (8,9).
In many studies, BSA has often been used as a model globular
protein (9-11). The conformation that a protein adopts at an
interface has been analyzed by different techniques, including
ellipsometry (12, 13) and fluorescence (14, 15). However, the
studies using ellipsometry were mainly focused on quantifying
the amount of adsorbed protein, whereas the fluorescence
techniques either provided limited information on specific amino
acids (i.e., front-face steady-state fluorescence) or lacked a
reliable calibration method (i.e., total internal reflectance
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fluorometry). Spectroscopic methods, including circular dichro-
ism (CD) (16), FT-IR (7, 17), and FT-Raman spectroscopy (4),
have also been applied to study the conformation of proteins in
emulsions, foams, and liposomes. However, no direct investiga-
tion at the protein/lipid interfaces has been performed.

Raman microspectroscopy is a newly developed technique
that has been used in many areas in recent years (18-20).
Equipped with a microscope, the irradiating beam of a Raman
microspectroscope may be aimed toward a specific region in
the sample with the resulting Raman scattering signals illustrat-
ing its spectroscopic behavior. This method has been used in
dental research (21, 22) and to characterize the microstructure
of foods (23). However, no publication has been found on the
application of Raman microspectroscopy to the investigation
of protein/lipid interfaces in food systems.

In this study, our objectives were to evaluate the potential of
using Raman microspectroscopy as a new technique to study
the interactions of protein (BSA) and oil (mineral oil or corn
oil) at the protein/oil interface.

MATERIALS AND METHODS

Materials. BSA (A-4503, Sigma Chemical Co.; initial fractionation
by cold alcohol precipitation, fraction V, minimum 96% by electro-
phoresis), mineral oil (paraffin oil, light, O121-1, Fisher Scientific),
and corn oil (C 8267, Sigma Chemical Co., density) 0.9 g/mL) were
purchased from commercial sources and used without further purifica-
tion.

Methods. The interface of protein and oil was studied with an RM
1000 Raman microscope (Renishaw, Gloucestershire, U.K.). Samples
were prepared by layering mineral or corn oil on top of an aqueous
solution of BSA (25 or 10% w/v, respectively, in 0.1 M phosphate
buffer at pH 7.0) held in a quartz cuvette. Due to the much higher
signal/noise ratio obtained for Raman spectra of oil compared to
proteins, it was necessary to use the higher protein concentration when
the possible changes in secondary structure of BSA at the mineral oil/
BSA interface, as reflected in the amide I region, were investigated.
After standing for at least 6 h to reach a stable equilibrium of any
structural changes upon adsorption of proteins at the interface (6), the
cuvette was placed on the Renishaw sample platform, which could be
moved vertically. A microscope was used to locate the interface between
the protein solution and the oil, and the laser beam (782 nm) was then
focused on certain positions at the interface. Raman spectra of at least
three different positions for each of the interfaces as well as the
individual oil and aqueous phases were collected from 400 to 3400
cm-1. The exposure time of the Raman scattering to the CCD camera
was set at 60 s, with the cosmic ray removal option on. Three
accumulations were collected for each spectrum.

Raman Spectral Data Analysis.The collected Raman spectra were
analyzed using Grams 32 (Galactic Industries Corp., Salem, NH) and
OMNIC analytical software (Thermo Nicolet Corp., Madison, WI). All
spectra were baseline-corrected. All spectra except for those of the oils
were smoothed using the Savitsky-Golay nine-point smoothing
method. This algorithm, being the most familiar method of smoothing
in analytical chemistry, is an indirect filter that fits the spectral data
points within a wavenumber interval to a polynomial by the least-
squares method. The parameters are the degree of the polynomial and
the number of points to fit (24). The intensity of protein and interface
spectra was normalized according to the protein phenylalanine peak at
1003 ( 1 cm-1. The coefficients of variation for peak intensities of
replicate spectra of BSA or mineral oil were<10%.

Difference spectra were calculated by subtracting either the oil or
the protein spectrum from the spectrum at the interface. To study
possible changes in protein structure at the interface, the subtraction
of the mineral oil spectrum from the interface spectrum was performed
by zeroing the peak near 2726 cm-1, which was unique to mineral oil
and absent in the BSA spectrum. This peak was assigned as the overtone
or combination bands of the deformation modes of CH3 and CH2 groups,
intensity of which is enhanced by interaction with carbon-hydrogen

stretching fundamentals of the same symmetry classes (25). Similar
peaks were found in this region in the standard spectrum for mineral
oil reported in theHandbook of Organic Compounds(26). The resultant
difference spectrum (interface- oil) was used for comparison with
the original spectrum of BSA to study any changes of the BSA structure
in the interface.

To study the changes of oil structure at the interface, the BSA
spectrum was subtracted from the BSA/oil interface spectrum by zeroing
the phenylalanine peak of protein near 1003 cm-1, as mineral oil shows
no peak in this region. The comparison of the resultant spectrum
(interface- BSA) with the mineral oil spectrum was performed by
normalizing the intensities according to the 2726 cm-1 peak.

The effects of corn oil on the interface were also studied. The
spectrum of BSA was subtracted from that of the BSA/corn oil interface
by zeroing the 1003 cm-1 band. The resultant difference spectrum was
compared with the corn oil spectrum by normalizing the intensities
according to the 1750 cm-1 band. The spectrum of corn oil was
subtracted from that of the interface by zeroing the 1750 cm-1 band.
The resultant difference spectrum was compared with the spectrum of
BSA.

RESULTS

Figure 1 shows the image of the interface between 25% BSA
and mineral oil, as seen through the microscope of the Raman
microspectrometer. The small square at the cross-hair shows
the focusing position of the laser, which can be controlled by
the software. For example, inFigure 1, the cross-hair position
was located at the bright line between the oil and protein phases;
this position was set as the “0” point. When the cross-hair
position was moved from 0 to-10 toward the upper (dark)
section of the interface, the laser focus point was shifted 10
µm upward from the zero point at the interface toward the oil
phase. Conversely, moving the cross-hair from 0 to+10 toward
the lower (lighter) section indicated that the laser focus was
shifted 10µm in the interface toward the aqueous phase. Laser
position was monitored for each collected spectrum.

The spectrum of the interface of 25% BSA and mineral oil
taken at the “0” point (refer toFigure 1) was compared with
the individual spectra of 25% BSA and mineral oil (Figure 2).
Tentative assignments of major spectral bands based on those

Figure 1. Image of BSA/mineral oil interface under the microscope.
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reported in the literature (4, 27-29) are shown inTable 1.
Contributions from both oil and protein components could be
seen in the interface spectrum.

Spectra were also collected at different positions in the
interface. From the literature, properties of protein and the
interface (including the thickness) are affected by many factors
including the protein concentration, time to equilibrium, and
pressure (30). Globular proteins such as BSA tend to migrate
toward the interface, forming aggregates and even gel-like
structures. A study using a neutron reflectivity method suggested
a two-zone structure of BSA stabilized the oil/aqueous interface
(31). In that study, the BSA monolayer showed a film thickness
of ∼2 nm at the outer layer and 1.1 nm at the inner zone. In
our case, there is no direct measurement of the thickness of the
interface. We consider the interface as the intermediate layer
between the positions where only oil or only protein signals
were observed in the Raman spectrum. The intensity of peaks
assigned to oil decreased when the laser focus was moved within
the interface toward the protein phase and vice versa, the
intensity of peaks assigned to protein decreased when the laser

focus was moved toward the oil phase (Figure 3c,a, respec-
tively, compared toFigure 3b). The results indicated a gradient
in the distribution of protein and oil within the interface layer.
Similar trends were found in the interfaces between 10% BSA
and corn oil (Figure 4).

To investigate potential changes in the interface spectrum due
to oil-protein interactions, difference spectra were calculated
by subtracting either the BSA or the oil individual spectrum
from the interface spectrum, which was taken at “0” point. In
the absence of interactions, subtraction of the BSA spectrum
should yield a difference spectrum (interface- BSA) that is
identical to the oil spectrum, whereas subtraction of the oil
spectrum should yield a difference spectrum (interface- oil)
identical to the BSA spectrum. In fact, the resulting difference
spectra (Figures 5and6) show changes that establish interac-
tions and not simply the coexistence of the protein and lipid
components at the interface.

The difference spectrum obtained by subtraction of the
mineral oil spectrum is shown inFigure 5. Reduction of the
normalized intensity of the tryptophan band near 750 cm-1, from
0.184 in the BSA spectrum to 0.153 in the interface- mineral
oil difference spectrum, indicates the exposure of tryptophan

Figure 2. Raman spectra of BSA, mineral oil, and their interface: (a)
mineral oil; (b) 25% BSA; (c) BSA/mineral oil interface at the zero point
(see Figure 1).

Table 1. Assignments of the Major Raman Scattered Bands of Mineral
or Corn Oil and BSA Spectrum

wavenumber, cm-1 assignment

mineral oil/corn oil
800−900 C−C stretching of −(CH2)n−
1000−1100 C−C stretching of −(CH2)n−
1302 CH2 in phase twist
1443 CH2 scissoring
1660 CdC stretch (cis)
1750 CdO ester stretch
2730 deformation of CH2 and CH3 groups
2850, 2870 CH2, CH3 symmetric stretch
3010 dCH stretch of dCHR or dCH2 groups

BSA
503 S−S stretching vibrations (gauche−

gauche−gauche)
750 tryptophan
830, 850 tyrosine doublet
936−946 amide III helix
965−970 amide III random
980−990 amide III antiparallel â-sheet
1003 phenylalanine
1338 C−H bending or tryptophan
1448 C−H bending
1654 amide I band
2930 C−H stretching of various amino acids
3076 dC−H stretching of aromatic amino acids
3200 O−H stretching of water molecules

Figure 3. Raman spectra at different positions in the BSA/mineral oil
interface: (a) 25 µm toward the protein phase; (b) at the 0 point; (c) 50
µm toward the oil phase. Intensities were normalized according to the
1003 cm-1 band.

Figure 4. Raman spectra at different positions in the 10% BSA/corn oil
interface: (a) 500 µm toward the protein phase; (b) 300 µm toward the
protein phase; (c) at the 0 point. The intensities were normalized according
to the 1003 cm-1 peak.
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residues, suggesting the denaturation of protein. Exposure of
tryptophan due to protein denaturation was also detected in
lysozyme-corn oil emulsion systems (4). It was suggested that
the presence of lipids could alter the molecular structure of
proteins and induce the exposure of hydrophobic groups (4).

The intensity ratio of the doublet bands at 850 and 830 cm-1,
I850/I830, can be used to monitor the microenvironment of the
tyrosine side chain (32,33). In this study, the intensity ratio of
the tyrosine doublet was reduced from 1.15 in the BSA spectrum
to 0.83 in the interface- mineral oil difference spectrum. The
decrease of theI850/I830 intensity ratio may be induced by the
participation of the tyrosine phenolic groups as hydrogen bond
donors (34,35). The spectra suggested that the oil provides a
hydrophobic environment, which was favorable to unfold BSA
molecules, causing the exposure of the previously buried
residues. The unfolding of the BSA molecule at the interface
may in fact expose Trp as well as Tyr residues; however, the
interface environment includes both water and oil molecules
as the “solvating environment”. This agreed with the gradient
distribution of BSA and oil at the interface, which was described
above. Because the interface probably contains more water
molecules than the interior of the protein molecule, the
microenvironment of the amino acid residues in the unfolded
protein molecule at the interface may be less hydrophobic than
the microenvironment of the protein interior. Thus, the Raman
spectra suggest that Trp residues of BSA located at the interface
are in a less hydrophobic environment than Trp residues of BSA
in bulk aqueous solution, where the Trp are likely buried in the
protein interior. Although this may also be true for the Tyr

residues, the phenolic groups of the Tyr residues in the unfolded
BSA may act as strong hydrogen bond donors interacting with
water molecules at the interface, and therefore a decrease in
the intensity ratio of the tyrosine doublet was observed.

An increase in the normalized intensity of the CH (CH2 and/
or CH3) bending band close to 1445 cm-1 was also observed
in the difference spectrum obtained from the subtraction of the
mineral oil spectrum. This might be due to the changes of BSA
(1448 cm-1, CH bending) or mineral oil (1443 cm-1, CH2

scissoring), or protein-lipid interactions involving CH groups.
The negative signal in the difference spectrum at 2850 cm-1

suggested the involvement of CH2 groups of the mineral oil at
the interface.

In contrast to these changes in bands reflecting involvement
of Trp, Tyr, and CH (CH2 and/or CH3) groups in tertiary
structure of BSA at the interface, the interface- mineral oil
difference spectrum was similar to the BSA spectrum in the
amide I (1654 cm-1) region, suggesting little change of
secondary structure at the interface compared to BSA in solution.

To study the behavior of mineral oil in the interface, the BSA
spectrum was subtracted from the BSA/mineral oil interface
spectrum, and the resultant difference spectrum was compared
with the spectrum of mineral oil on its own (Figure 6). Both
spectra were normalized to the 2726 cm-1 peak.

The appearance of a broad band at 980 cm-1 in the interface
- BSA difference spectrum suggested an increase of symmetric
CCC stretch of the mineral oil, whereas a decrease of the 1071
cm-1 peak intensity may have been due to a decrease of
antisymmetric CCC stretch. The result indicated a conforma-
tional change of the mineral oil alkyl chains, which may be
caused by the interactions with the protein molecules at the
interface.

A decrease was detected in the CH2 symmetric stretching
vibrations of mineral oil, as monitored in terms of intensities
of the 2850 and 2870 cm-1 peaks, suggesting involvement of
CH groups of mineral oil in the interface. The result was in
agreement with the negative peak at 2850 cm-1 in Figure 5,
which resulted from subtracting the mineral oil spectrum from
that of the interface. Meanwhile, enhanced peak intensity was
observed in the interface- BSA difference spectrum at 2926
cm-1, which closely corresponded with the CH stretching
scattering (at 2930 cm-1) of the BSA molecule. The result
suggested the involvement of CH (CH2 and/or CH3) groups of
BSA in protein-lipid interactions in the interface.

Corn oil is an edible oil commonly used in foods. Compared
with mineral oil, the spectrum of corn oil showed extra bands
of CdC stretch at 1660 cm-1 and CdO ester stretch at 1750
cm-1 (Figure 7a).Figure 7b shows the difference spectrum of
BSA/corn oil interface- BSA. The ester band at 1750 cm-1

was used to normalize the spectra as this band was unique in
the corn oil spectrum but absent in that of BSA. However, such
normalization caused simultaneous and proportional intensity
increases of bands at 876, 967, 1075, 1263, 1299, and 1443
cm-1. The phenomena suggested an exaggeration of these bands
in the difference spectrum caused by normalization to the 1750
cm-1 band. In other words, the intensity of the 1750 cm-1 band
may in fact have been decreased in the interface spectrum due
to the involvement of the CdO ester group of the triacylglycerol
in the interaction with protein at the interface. No significant
difference was detected for the band intensity at 1660 cm-1.
However, a great decrease of the intensity was found at the
2850 (CH2 symmetric stretching vibration) and 3010 cm-1

(unsaturated fatty acid hydrocarbon chaindC-H) regions. This
may suggest a decrease of CH2 symmetric stretching vibration

Figure 5. Comparison of the spectrum of BSA with the difference spectrum
after subtracting the mineral oil spectrum from the BSA/mineral oil interface
spectrum: (a) BSA/mineral oil interface − mineral oil; (b) 25% BSA.
Intensities are normalized according to the 1003 cm-1 band.

Figure 6. Comparison of the spectrum of mineral oil with the difference
spectrum after subtracting the spectrum of BSA from that of the BSA/
mineral oil interface: (a) BSA/mineral oil interface − BSA; (b) mineral oil.
Intensities are normalized according to the 2726 cm-1 band.
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of corn oil at the interface, indicating involvement of CH groups
of corn oil in the protein-lipid interactions. As mentioned above
in the case of mineral oil, in addition to the decrease of the
CH2 symmetric stretching vibrations at 2850 cm-1, the CCC
stretch of mineral oil was changed from antisymmetric to
symmetric due to the interaction with protein at the interface.
However, in the case of the corn oil, it was the CH2, dC-H
groups and ester groups of the triacylglycerol that were involved
in the interactions between the protein and corn oil in the
interface. The triacylglycerol structure of corn oil may confer a
relatively stable CCC backbone conformation of corn oil when
compared with mineral oil.

The spectrum of corn oil was also subtracted from that of
the interface, and the difference spectrum was compared with
the spectrum of BSA (Figure 8). The difference spectrum
(Figure 8b) showed positive peaks at 800-900, 1075, 1263,
1300, 1443, and 1660 cm-1. Those peaks were found in the
corn oil spectrum (Figure 7a), suggesting an insufficient
subtraction of the corn oil spectrum from that of the interface,
perhaps due to a decreased intensity in the interface spectrum
of the 1750 cm-1 band, which was used as the standard band
for subtraction of corn oil. This agreed with the result shown
in Figure 7. Further subtraction (Figure 8c) was performed to
level off these extra oil peaks in the difference spectrum. Both
of the 1660 and 1750 cm-1 peaks were negative in the resulting
difference spectrum (Figure 8c), reflecting the involvement of
CdC stretching and changes in the COO(R) groups from the

corn oil triacylglycerol molecules as a result of the interaction
with BSA. Negative peaks in the C-H stretching region from
2700 to 3100 cm-1 also suggested that corn oil molecules were
not simply coexisting with protein solution but that interactions
occurred between the two phases. The CH2, CH3, anddC-H
bonds of corn oil were involved in the interaction, which resulted
in the appearance of the negative peaks. The result is in
agreement with that of the difference spectrum of BSA/corn
oil interface- BSA (Figure 7). Conclusions on the effect of
corn oil on BSA structure could not be made, due to the weak
signals in the difference spectrum at the protein concentration
(10%) used for the BSA/corn oil interface (Figure 8) compared
to the BSA/mineral oil interface (Figure 5). Changes in BSA
could also not be observed when 10% BSA/mineral interfaces
were studied or by focusing the laser at different regions of the
interface closer to the protein phase (data not shown).

DISCUSSION

The properties and behavior of many biomaterials including
foods depend on their microstructure. Examples of these
properties are the scoopability of ice cream, the spreadability
of margarine/butter, the pourability of ketchup, flavor release
(property similar to drug delivery), etc. Many food researchers
have tried to relate food property and structure by studying their
rheological behavior and microscopic structure (36, 37). How-
ever, there is still a “what and where” question, that is, in our
case, we need to know what kind of interactions are happening
at the interface and where they are.

Raman microspectroscopy has the possibility to tackle this
problem. Using the confocal mode of this method, the subcel-
lular structures in both animals (18) and plants (19) have been
successfully mapped. It is also widely used in material polymer
science to map the relative spatial location and concentration
of polymers (20).

In the current study, with the help of the microscope, the
laser can be focused at any position in the sample and the image
of the studied field can be carefully monitored. The Raman
spectrum and the image taken can therefore be closely related
to each other. The laser used in this study was located by the
side of the sample platform, which allows the beam to be
directed horizontally through the interface. The confocal mode
was not necessary in this case, as the interface was expected to
be homogeneous in this direction. To study changes in the
protein and oil components at the interface arising from the
interactions between these constituents, calculation of difference
spectra may be a useful approach to observe the spectral
contribution of protein only or oil only.

The results of this study indicated conformational changes
of BSA at the BSA/mineral oil interface. In comparison to the
overlapping of protein and oil peaks in the case of the BSA/
corn oil interface, especially in the amide I region, the relatively
simple Raman spectrum of mineral oil was particularly useful
to facilitate the investigation of BSA structural changes at the
interface. The extent of protein structural changes at the air/
water or oil/water interfaces depends on the conformational
stability of the protein involved, as well as the temperature, pH,
ionic strength, etc. (38). Most proteins, especially globular
proteins, have an intricate secondary and tertiary structure. As
a globular protein, BSA has a folded structure in aqueous
solution that is stabilized by 17 intramolecular disulfide bonds
(9) and may exist in a compact form surrounded by a hydration
shell. In this study, the unfolding of BSA molecules at the BSA/
mineral oil interfaces appeared to be limited to changes

Figure 7. Comparison of the spectrum of corn oil with the difference
spectrum after subtracting the spectrum of BSA from that of the BSA/
corn oil interface: (a) corn oil; (b) BSA/corn oil − BSA. Intensities are
normalized to the 1750 cm-1 band.

Figure 8. Comparison of the spectrum of BSA with the difference spectrum
after subtracting the corn oil spectrum from that of the BSA/corn oil
interface: (a) 10% BSA; (b) interface − corn oil; (c) further subtraction of
b. Intensities are normalized according to the 1003 cm-1 band.
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occurring at the tertiary structural level. Little or no change in
the secondary structure was observed. This finding is consistent
with results reported in a study performed by using an
electroacoustic method on BSA-stabilized soybean oil-in-water
emulsions, which also showed limited conformational changes
of BSA at the interface (39). In contrast, flexible proteins such
as casein can adopt a number of different conformational states
when they are adsorbed at an oil-in-water interface (40-43).
Circular dichroism and infrared spectroscopic studies of ad-
sorbed protein (BSA andâ-lactoglobulin) also showed the
tertiary structure to be more drastically affected by adsorption
than was the secondary structure (16). Similar phenomena were
observed by Fang and Dalgleigh (7) while studyingâ-lacto-
globulin absorbed to the interface of soybean oil and water by
FTIR. These authors suggested that, given the amphipathic
nature ofR-helices (residues 130-140 ofâ-lactoglobulin), the
protein molecules may have participated in adsorption without
significant changes in structure.

Given that the exposure of hydrophobic regions in a protein
to an aqueous environment is considered to be energetically
unfavorable, hydrophobic interactions likely played a key role
in the adsorption behavior of BSA at the mineral oil interface.
Walstra and de Roos (2) suggested that hydrophobic interfaces
(air/water and oil/water) permitted conformational changes
during protein adsorption, mentioning that the fluid interface
allowed for conformational changes in the bulk phase and
protrusion of hydrophobic regions into the nonaqueous phase.
The hydrogen bonding between Tyr residues of BSA and water
molecules may also contribute to the interactions at the interface.
Electrostatic interactions sometimes also play a part in the
protein-lipid interactions. For example, the association of
cytochromec has been considered by many authors (44-46)
as a paradigm of electrostatic binding of peripheral protein to
lipid bilayer due to the long-range electrostatic forces in
membrane mobility. However, the electrostatic interactions did
not show much effect at the BSA/mineral oil interface, because
the mineral oil contains mainlyn-alkanes, which have no
charged groups that might play a part in electrostatic interactions.

The difference spectra indicated that both the protein and lipid
molecules underwent structural changes at the interface, perhaps
indicating interaction between the species or, at the very least,
a reorganization as a result of the presence of the interface.
Walstra and de Roos (2) found that proteins behaved differently
when absorbed at triglyceride oil/water, paraffin oil/water, and
air/water interfaces. It is also known that triglycerides (e.g., corn
oil) used in foods have lower interfacial tension at the oil/water
interface than pure hydrocarbons (e.g., mineral oil) (47).
However, little research has been performed on conformational
changes at the protein/lipid interface of edible oils. Dimitrova
et al. (10) suggested that the protein-lipid interactions in
membranes are caused by weak associations of the two
molecules, which may influence the membrane lipid structure
depending on the type of protein and its ability to adsorb on
the lipid membrane. The current study shows the conformational
changes of the hydrocarbon backbone in terms of CCC
symmetric (e.g., increased intensity of 980 cm-1 band) and
antisymmetric structure (e.g., decrease of 1071 cm-1 band) of
mineral oil in the interface. In comparison, in the case of the
corn oil interface, it was mainly the CH2 symmetric stretching
modes (e.g., changes at 2850 cm-1) and the ester group (e.g.,
changes in 1750 cm-1) in the triacylglycerol structure that were
involved in the interaction with BSA.

In summary, the protein-lipid interaction in the BSA/mineral
oil interface caused structural changes of both protein and oil
molecules. Protein denaturation was induced due to the presence
of oil, causing the unfolding of protein molecules. The results
indicated that the conformational changes of BSA molecule
involved the tertiary structure rather than the secondary structure.
Corn oil and mineral oil behaved differently at the interface.
The involvement of corn oil in the interface was through CH2,
CH3, COOR, anddC-H groups. However, at the interface of
BSA/mineral oil, the CCC stretch of the hydrocarbon backbone
chains of mineral oil molecules were also affected by the
protein-oil interaction. The hydrophobic interactions involved
both the protein and lipid components. Hydrogen bonding also
played a role in the protein-lipid interaction at the interface.

This study demonstrated that Raman microspectroscopy can
provide a useful tool for studying protein-lipid interactions at
the interface. Compared with traditional spectroscopic methods,
Raman microspectroscopy has the advantage of being able to
monitor structural changes at the location of interest. Application
of the approach described in this study may be used to
investigate the behavior of proteins at interfaces with various
oils under different environments such as pH or the presence
of other food components or as a function of processing
conditions. Nevertheless, it should be noted that the weak Raman
scattering signals from protein molecules necessitate that the
protein samples are at relatively high solute concentrations.
Furthermore, because the spectral changes that result from
interactions at the interface may be subtle, application of more
sophisticated data processing techniques such as partial least-
squares regression analysis (48) may be required to provide a
more quantitative analysis of the structural changes and to
predict their potential significance in functionality of the protein/
lipid system.
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properties of tryptic peptides ofâ-lactoglobulin.J. Agric. Food
Chem.1992,40, 669-675.

(4) Howell, N. K.; Herman, H.; Li-Chan, E. C. Y. Elucidation of
protein-lipid interactions in a lysozyme-corn oil system by
Fourier transform Raman spectroscopy.J. Agric. Food Chem.
2001,49, 1529-1533.

(5) Funasaki, N.; Hada, H.; Suzuki, K. The dissolution state of a
triglyceride molecule in water and its orientation state at the air-
water interface.Chem. Pharm. Bull.1976,24, 731-735.

(6) Graham, D. E.; Phillips, M. C. Proteins at liquid interfaces; I.
Kinetics of adsorption and surface denaturation; II. Adsorption
isotherms; III. Molecular structures of adsorbed films.J. Colloid
Interface Sci.1979,70, 403-439.

(7) Fang, Y.; Dalgleish, D. G. Conformation ofâlg studied by
FTIR: effect of pH, temperature and adsorption to the oil-water
interface.J. Colloid Interface Sci.1997,196, 292-298.

850 J. Agric. Food Chem., Vol. 53, No. 4, 2005 Meng et al.



(8) Tsunoda, T.; Imura, T.; Kadata, M.; Yamazaki, T.; Yamauchi,
H.; Kwon, K. O.; Yokoyama, S.; Sakai, H.; Abe, M. Effects of
lysozyme and bovine serum albumin on membrane characteristics
of dipalmitoylphosphatidylglycerol liposomes.Colloids Surf.
B: Biointerfaces2001,20, 155-163.

(9) Poon, S.; Clarke, A. E.; Schultz, C. J. Effect of denaturants on
the emulsifying activity of proteins.J. Agric. Food Chem. 2001,
49, 281-286.

(10) Dimitrova, M. N.; Matsumur, H.; Terezova, N.; Neytchev, V.
Binding of globular proteins to lipid membranes studied by
isothermal titration calorimetry and fluorescence.Colloids Surf.
B: Biointerfaces2002,24, 53-61.

(11) Gerbanowski, A.; Rabiller, C.; Gueguen, J. Behaviors of bovine
serum albumin and rapeseed proteins at the air/water interface
after grafting aliphatic or aromatic chains.J. Colloid Interface
Sci.2003,262, 391-399.

(12) Elofsson, U. M.; Paulsson, M. A.; Arnebrandt, T. Adsorption
of â-lactoglobulin A and B: Effects of ionic strength and
phosphate ions.Langmuir1997,13, 1695-1700.

(13) McClellan, S. J.; Franses, E. I. Effect of concentration and
denaturation on adsorption and surface tension of bovine serum
albumin.Colloids Surf. B: Biointerfaces2003,28, 63-75.

(14) Castelain, C.; Genot, C. Conformational changes of bovine serum
albumin upon its adsorption in dodecane in water emulsions as
revealed by front-face steady-state fluorescence.Biochim. Bio-
phys. Acta1994,1199, 59-64.

(15) Rainbow, M. R.; Atherton, S.; Eberhart, R. C. Fluorescence
lifetime measurements using total reflection fluorimetry: Evi-
dence for a conformational change in albumin adsorbed to quartz.
J. Biomed. Mater. Res.1987,21, 539-555.

(16) Husband, F. A.; Garrood, M. J.; Mackie, A. R.; Burnett, G. R.;
Wilde, P. J. Adsorbed protein secondary and tertiary structures
by circular dichroism and infrared spectroscopy with refractive
index matched emulsions.J. Agric. Food Chem.2001, 49, 859-
866.

(17) Qi, X. L.; Holt, C.; McNulty, D.; Clarke, D. T.; Brownlow, S.;
Jones, G. R. Effect of temperature on the secondary structure of
âlg at pH. 6.7, as determined by CD and IR spectroscopy: a
test of the molten globule hypothesis.Biochem. J.1997,324,
341-346.

(18) Otto, C.; de Grauw, C. J.; Duindam, J. J.; Sijtsema, N. M.; Greve,
J. Applications of micro-Raman imaging in biomedical research.
J. Raman Spectrosc.1997,28, 143-150.

(19) Pudney, P. D. A.; Gambelli, L.; Gidley, M. Raman mapping of
plant cells: carotenoids in tomatoes. InProceedings of the 17th
Conference on Raman Spectroscopy, August 20-25, 2000;
Peking University, Beijing, China; Zhang, S.-L., Zhu, B.-F., Eds.;
Wiley: Chichester, New York, 2000; pp 1076-1077.

(20) Williams, K. P. J.; Everall, N. J. Use of micro-Raman spectros-
copy for the quantitative-determination of polyethylene density
using partial least-squares calibration.J. Raman Spectrosc. 1995,
26, 427-433.

(21) Lemor, R. M.; Kruger, M. B.; Wieliczka, D. M.; Swafford, J.
R.; Spencer, P. Spectroscopic and morphologic characterization
of the dentin/adhesive interface.J. Biomed. Optics1999,4, 22-
27.

(22) Spencer, P.; Wang, Y.; Walker, M. P.; Wieliczka, D. M.;
Swafford, J. R. Interfacial chemistry of the dentin/adhesive bond.
J. Dental Res.2000,79, 1458-1463.

(23) Pudney, P. D. A.; Hancewicz, T. M.; Cunningham, D. G. The
use of confocal Raman spectroscopy to characterise the micro-
structure of complex biomaterials: foods.Spectroscopy2002,
16, 217-225.

(24) Savitsky, A.; Golay, M. J. E. Smoothing and differentiation of
data by simplified least-squares procedures.Anal. Chem. 1964,
36, 1627-1630.

(25) Dollish, F. R.; Fateley, W. G.; Bentley, F. F. Alkanes. In
Characteristic Raman Frequencies of Organic Compounds;
Wiley-Interscience: New York: 1974; Chapter 1, p 2.

(26) Workman, J.Handbook of Organic Compounds. Vol. 3. IR and
Raman Spectra; Academic Press: San Diego, CA, 2001; 540
pp.

(27) Chen, M. C.; Lord, R. C. Laser-Excited Raman Spectroscopy
of Biolmolecules. VIII. Conformational Study of Bovine Serum
Albumin. J. Am. Chem. Soc.1976,98, 990-992.

(28) Li-Chan, E.; Nakai, S.; Hirotsuka, M. Raman spectroscopy as a
probe of protein structure in food systems. InProtein Structure-
Function Relationships in Foods; Yada, R. Y., Jackman, R. L.,
Smith, J. L., Eds.; Blackie Academic and Professional: London,
U.K., 1994; pp 163-197.

(29) Baeten, V.; Hourant, P.; Morales, M. T.; Aparicio, R. Oil and
fat classification by FT-Raman spectroscopy.J. Agric. Food
Chem.1998,46, 2638-2646.

(30) Hill, S. E. Emulsions and foams. InFunctional Properties of
Food Macromolecules; Hill, S. E., Ledward, D. A., Mitchell, J.
R., Eds.; Aspen Publishers: Gaithersburg, MD, 1998; pp 302-
334.

(31) Eaglesham, A.; Herrington, T. M.; Penfold, J. A neutron
reflectivity study of a spread monolayer of bovine serum
albumin.Colloids Surf.1992,65, 9-16.

(32) Tu, A. T. Proteins. InRaman Spectroscopy in Biology: Principles
and Applications; Tu, A. T., Ed.; Wiley-Interscience: New York,
1982; pp 65-116.

(33) Van Dael, H.; Lafaut, J. P.; Van Cauwelaert. Tyrosine group
behavior in bovineR-lactalbumin as revealed by its Raman effect.
Eur. Biophys. J.1987,14, 409-414.

(34) Li-Chan, E. C. Y. Macromolecular interactions of food proteins
studied by Raman spectroscopy: interactions ofâ-lactoglobulin,
R-lactoglobulin, and lysozyme in solutions, gels, and precipitates.
In Macromolecular Interactions in Food Technology; Parris, N.,
Kato, A., Creamer, L. K., Pearce, J., Eds.; American Chemical
Society: Washington, DC, 1996; pp 15-36.

(35) Li-Chan, E. C. Y. The applications of Raman spectroscopy in
food science.Trends Food Sci. Technol.1996,7, 361-370.

(36) Britton, M. M.; Callaghan, P. T. NMR microscopy and the non-
linear rheology of food materials.Magn. Reson. Chem.1997,
35, 37-46.

(37) Goldszal, A.; Jamieson, A. M.; Mann, J. A., Jr.; Polak, J.;
Rosenblatt, C. Rheology, optical microscopy, and electron
microscopy of cationic surfactant gels.J. Colloid Interface Sci.
1996,180, 261-268.

(38) Norde, W.; Lyklema, J. Why proteins prefer interface.J.
Biomater. Sci., Polym. Ed.1991,2, 183-202.

(39) Kong, L.; Beattie, J. K.; Hunter, R. J. Electroacoustic study of
BSA or lecithin stabilized soybean oil-in-water emulsions and
SDS effect.Colloids Surf. B: Biointrfaces2003,27, 11-21.

(40) Schurtenberger, P.; Peng, Q.; Leser, M. E.; Luisi, P.-L. Structure
and phase behavior of lecithin-based microemulsions: a study
of the chain length dependence.J. Colloid Interface Sci.1993,
156, 43-51.

(41) Holt, C.; Kimber, A. M.; Brooker, B.; Prentice, J. H. Measure-
ments of the size of bovine casein micelles by means of electron
microscopy and light scattering.J. Colloid Interface Sci.1978,
65, 555-565.

(42) Horne, D. S. Determination of the size distribution of bovine
casein micelles using photon correlation spectroscopy.J. Colloid
Interface Sci.1984,98, 537-548.

(43) Holt, C.; Dalgleish, D. G. Electrophoretic and hydrodynamic
properties of bovine casein micelles interpreted in terms of
particles with an outer hairy layer.J. Colloid Interface Sci.1986,
114, 513-524.

(44) Kinnunen, P. K. J. On the molecular-level mechanisms of
peripheral protein-membrane interactions induced by lipids
forming inverted non-lamellar phases.Chem. Phys. Lipids1996,
81, 151-166.

(45) Zhang, F.; Rowe, E. S. Calorimetric studies of the interactions
of cytochromec with dioleoylphosphatidylglycerol extruded
vesicles: ionic strength effects.Biochim. Biophys. Acta1994,
1193, 219-225.

BSA−Oil Interface by Raman Microspectroscopy J. Agric. Food Chem., Vol. 53, No. 4, 2005 851



(46) Salamon, Z.; Tollin, G. Surface plasmon resonance studies of
complex formation between cytochromec and bovine cyto-
chromec oxidase incorporated into a supported planar lipid
bilayer. I. Binding of cytochromec to cardiolipin/phosphatidyl-
choline membranes in the absence of oxidase.Biophys. J.1996,
71, 848-857.

(47) Das, K. P.; Kinsella, J. P. Stability of food emulsions: physi-
cochemical role of protein and non-protein emulsions.AdV. Food
Nutr. Res.1990,34, 81-201.

(48) Beattie, R. J.; Bell, S. J.; Farmer, L. J.; Moss, B. W.; Patterson,
D. Preliminary investigation of the application of Raman

spectroscopy to the prediction of the sensory quality of beef
silverside.Meat Sci.2004,66, 903-913.

Received for review May 28, 2004. Revised manuscript received October
6, 2004. Accepted November 4, 2004. Funding support from the Natural
Sciences and Engineering Research Council of Canada in the form of
a Multidisciplinary Network Group Research Program on “Structure -
Function of Food Macromolecules” is acknowledged.

JF040259R

852 J. Agric. Food Chem., Vol. 53, No. 4, 2005 Meng et al.


