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We have studied single curved films stabilized by globular proteins, using small angle scattering. By

combining both the use of in-house X-ray and synchrotron radiation, we have measured the structural

properties of films (thickness, electronic density) by controlling the physicochemical properties of

protein (ovalbumin, pH 7, bulk concentration 10 g L�1). For each experiment, solutions of highly

purified protein were freshly prepared to eliminate any problem of aging. The observation of Kiessig

fringes shows that the films are thin with an average thickness of 60 nm. Benefiting from the fine angular

resolution and the short acquisition time of a synchrotron source, we have highlighted a stratification

formation inside the films. This phenomenon suggests protein structural reorganization under

confinement, possibly driven by high osmotic pressure.
1. Introduction

An aqueous foam is a dispersion of gas bubbles separated by thin

liquid films, stabilized by amphiphilic molecules, especially

proteins in the food industry.1 The foam stability is largely

determined by the drainage and coalescence (the breakdown of

the bubbles by film rupture). A good knowledge of the structure

of these films is essential for controlling the formation and

stability of foams. Many studies have been focussed on the

interfacial properties of proteins adsorbed at the air/solution

interface2–4 and single foam films.5–9 The foams are stabilised by

proteins adsorbing strongly to the air/solution interface, forming

viscoelastic layers. Environmental and processing factors, such

as temperature, pH, protein concentration, ionic strength and

foam generation (whipping, bubbling) alter the physicochemical

and conformational properties (size, shape, charge distribution,

etc.) and the stability of proteins, and therefore, affect film

formation and their properties.1 For our studies, we were inter-

ested in the foaming ability of ovalbumin (the major egg-white

protein) as a model system. The physicochemical and structural

characteristics of this globular protein are known,10 and the

behaviour of ovalbumin at the air/solution interface has been
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extensively studied.11–13 The aging of the interfacial film has been

correlated with the development with time of a b-sheet

network.13 The formation of intermolecular disulfide bonds has

been highlighted after foaming,14 showing that ovalbumin

undergoes conformational changes during foam formation.

However, the behaviour of ovalbumin inside a film (thin liquid

layers bounded by two air/solution interfaces) and the relation-

ship between its structural and interfacial properties are not

known.

In such a context, we have performed small angle X-ray

scattering (SAXS) experiments on ordered foams. The simplest

structure corresponds to the bamboo foams formed by an equal

spacing of parallel films (Fig. 1). This can be generated in

a narrow tube, where the bubbles are identical and of a size close

to the diameter of the tube.15 Relative to the orientation of the

tube (vertical or horizontal), we have observed two categories of

liquid films: films perpendicular to the wall of the tube and

the wetting film. The junction between them is ensured by the

Plateau border corresponding to a meniscus surrounding the

circumference of the tube. Experiments concerning the drainage

have shown an unusual behavior:16 the shape of the Plateau

border cross-section can strongly influence the flow in the wetting

film. In the extreme case (tube radii less than 0.918lc, lc capillary

length of the foam solution), drainage is not observed and the

wetting film does not seem to ensure the connection between

various films constituting the bamboo foam anymore. Unlike

studies of disordered 3D foams,17–20 the film orientation with

respect to the beam may overcome some problems with the data

analysis, such as the contribution of the Plateau border acci-

dentally contaminating the pattern, or the contribution of several

films of different thicknesses giving an averaged signal. More-

over, SAXS experiments should be preferred to neutron ones,
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Fig. 1 A schematic description of the experimental conditions. The left photo shows a bamboo foam. Right, a zoom of the experimental set up showing

the reflections of parallel X-ray beams by a curved interface of the film (for clarity, the film curvature is exaggerated). To simplify the scheme, inter-

ferences within the film have not been drawn.
since in neutron diffraction, the beam size is larger (about 1 cm).

This requires the foam films to be stabilized in a tube of

comparable diameter (bad quality produced foam).21 For X-ray

experiments, the samples could be smaller (one order of magni-

tude lower). Specifically, a synchrotron source allows high

resolution spectra to be obtained in a short acquisition time

(about one second), which eliminates any problem of protein

aging. To demonstrate the feasibility of this approach, studies on

the bamboo foam of SDS (sodium dodecyl sulfate), whose

physicochemical behavior is well known, have previously been

performed.21,22 The main objective here is to investigate the

structural properties of well controlled protein films.
2. Experimental procedures

Ovalbumin was extracted from hen egg white by anion-exchange

chromatography.23 Protein solutions were prepared just before

the beginning of the experiments by solubilizing the lyophilized

protein in 50 mM Bis-Tris propane buffer (2,20-(propane-1,3-
diyldiimino)bis[2-(hydroxymethyl)propane-1,3-diol]), (Sigma-

Aldrich, St-Quentin Fallavier, France), pH 7 and ionic strength

I¼ 88.7 mM. The 10 g L�1 protein solution was filtered (0.22 mm)

to remove any insoluble material. The bulk protein concentra-

tion was chosen in order to obtain stable films. If the concen-

tration is lower than 3 g L�1, the films break. For a concentration

higher than 30 g L�1, aggregates formed in the films generate

peaks in the SAXS spectra, whose position is random from one

film to another. This point will be discussed below.

Bamboo foams were prepared in a 4 mm diameter Kapton

tube.21,22 The tube was set on the top of a syringe, and a small

amount of solution was poured into it. Stable foams were

obtained by bubbling air gently in the solution and tilting the

tube (the bubbling velocity and tilt angle determine the geometry

of the foam). Both sides of the tube were closed with caps which

induce a pressure difference on both sides of the film, generating

a small curvature of the film. Instead of studying a single isolated

film, we chose a film among others within the foam (Fig. 1). As
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the tube radius is close to the capillary length lc (in our case lc ¼
2.1 mm), the bamboo foam is simply an assembly of independent

films.

In-house X-ray measurements were performed in the Institut

of Physics of Rennes (IPR, Rennes, France) using a rotating

anode X-ray generator FR591 (Brucker, Courtaboeuf, France)

operated at 50 kV and 50 mA, giving a monochromatic radiation

(l ¼ 1.54 �A). Patterns were collected with a Mar345 Image-Plate

detector (Maresearch, Norderstedt, Germany). Additional

information is given elsewhere.22 The sample to detector distance

was 449 mm and the X-ray patterns were recorded for a range of

reciprocal spacing q ¼ 4p sinq/l from 0.2–15 nm�1 where q is the

diffraction angle. The acquisition time was typically 15 min in

order to have a good signal-to-noise ratio. The experimental

room was air conditioned at 20 �C.
Synchrotron experiments were performed on beamline

SWING at SOLEIL (Gif-sur-Yvette, France) with a 12 keV

beam (l ¼ 1.0332 �A) with a cross section 50 mm � 300 mm2. The

sample to AVIEX CCD detector distance was 1.552 m (q range

between 0.04 to 5 nm�1) and the acquisition time was 10 ms. The

temperature of the experimental room was not controlled and

was rather high (at least 25 �C); the lifetime of the foam was short

(of the order of 10 min). The influence of the temperature on the

foaming properties is not simple.24 In addition to drainage and

collapse, high temperatures (T > 25 �C), may impact the protein

stability. However, experimental results obtained at IPR and

SOLEIL are in agreement with each other and rule out temper-

ature effects on the experimental spectra.

For each set of experiments (in-house X-ray and synchrotron),

we used freshly prepared solutions of purified proteins and

buffers. Before doing any data acquisition on ovalbumin films,

adjustments were made on a SDS film, which is now the standard

sample. The beam position on a film needs accurate adjustments

to fulfil reflectivity requirements. We have used a camera to

visualize the film that was slid into the tube and we have per-

formed XZ scans to collect the best signal. The adjustment time

of the experimental setup could last at least ten minutes, which
This journal is ª The Royal Society of Chemistry 2011



suggests that the foam has totally drained. Some experiments

were made after slightly shaking the tube to evacuate some

liquid. The SAXS instrumental resolution allows the film thick-

nesses to be measured below 500 nm.

The two-dimensional data were processed by the FIT2D

software.25 Non-linear fittings were performed using Kaleida-

Graph (Synergy Software, Reading, PA, USA).
3. Results

The scattering pattern (Fig. 2) is composed of two contributions:

an isotropic one and an anisotropic one.22 The isotropic contri-

bution, which has the shape of circular halos, comes mainly from

the Kapton tube. The other contribution, illustrated by a spike, is

due to the specular reflection of the parallel X-ray beam on the

curved film surface. The isotropic contribution was measured in

the angular part without the spike and was then subtracted from

the whole signal, to extract information on thickness and struc-

ture. We have obtained a specular reflectivity profile in the shape

of oscillations superimposed with a q�4 decay, the so-called

Kiessig fringes.

Unlike in a classical reflectivity experiment for which the

incidence angle q varies, in situ measurements performed on
Fig. 2 An example of an X-ray pattern (IPR, Rennes) recorded

This journal is ª The Royal Society of Chemistry 2011
a film directly depend on its curvature (Fig. 1). The intrinsic

curvature of the film is a major parameter in the experiment. We

could obtain the angular distribution by a single acquisition. The

curvature radius R of a film inside a drained foam was estimated

at 0.15 m.21 With a 4 mm diameter tube containing the bamboo

foam, the angle dispersion Dq¼D/R, withD the tube diameter, is

1.5� (i.e. Dq ¼ 1.6 nm�1), which is compatible with the SAXS

spike length. Additional measurements in a horizontal position

were made showing that the film remains flat, giving a single spot

in the diffraction pattern corresponding to the specular reflec-

tivity. Such motionless reflectivity experiments have already been

proposed for Langmuir layers.26 The main advantage is the quick

experimental acquisition time, that ensures the absence of

structural evolution during the reflectivity acquisition. More-

over, this setup does not require a long alignment procedure for

the planar film orientation, which is very obvious in the case of

films.

Fig. 2 represents an in-house X-ray scattering map. One can

see a vertical spike whose intensity is modulated. The other,

more diffuse, spike (above the beamstop) seems to come from

the bulk scattering in the liquid phase of the Plateau border

(menisci) that is much thicker. Integration of the data along the

well-defined spike (Fig. 3) shows an abnormally high
for an ovalbumin film (visualization by FIT2D software).
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Fig. 3 The integration of X-ray experimental data along the spike, by

subtracting the contribution of the kapton tube (open circle). The plain

line corresponds to a fit with a ‘‘five-layer’’ model. Inset: schematic of the

electron density profile of the film composed with five layers.
background scattering. The oscillations are broad with minima

that do not reach zero. This shows that, unlike in SDS

films,20–22 the ovalbumin film seems to have a more complex

structure. In particular, fitting the electronic density using the

‘‘three-layer’’ model (two surfactant layers at the air/solution

interface and a solution slice) is clearly not appropriate. A

better resolution in q (here 0.15 nm�1) is needed to fit the data

and to extract the possible presence of hidden oscillations in the

background. In this context, we performed experiments using

the high flux of the synchrotron and its fine angular resolution.
Fig. 4 An example of a synchrotron pattern (SOLEIL, Gif-sur-Yvette) reco

detectors. The arrow shows a qy scan across the spike; the integrated intensit
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Fig. 4 is an example of a synchrotron pattern recorded on the

detector of the SWING beamline at SOLEIL. Two spikes with

different profiles are observed. The intensity in the ‘‘lower’’

spike with a q�4 decay is not modulated: its origin may be

attributed to the liquid menisci characterized by two interfaces

of opposite curvature. It was useless to select another film from

the foam, since the high temperature generated a systematic

breakdown of the films above the film studied. The meniscus in

contact with the tube wall is swollen with solution. The

‘‘upper’’ spike presents two specific behaviours: well-defined

oscillations coming from the film and an intense peak centred

at 2.4 nm�1 (‘‘Bragg peak’’) (Fig. 5). Several measurements on

different films have been made to ensure the reproducibility of

data. Scans along the film thickness (longitudinal scans) and

along the film plane (transverse scans) must be performed to

observe the ‘‘Bragg peak’’, to intersect the Ewald sphere. The

background suddenly falls to zero for q ¼ 3 nm�1. The asym-

metry of the spectrum may come from the surface texture of

the film resulting from the formation of a rigid gel network or

superimposed base line due to the Kiessig fringes.
3.1 Kiessig fringes

A ‘‘five-layer’’ model was selected to fit the Kiessig fringes (inset

of Fig. 3). The film is described by two layers of solution

(thickness d2, electronic density r2) separated by a layer with

a different electron density (thickness d1, electronic density r1).

Both air/solution interfaces of the film are composed by two

layers consisting of a protein adsorption layer (thickness d3,

electronic density r3). Within a kinematical approximation, the
rded for an ovalbumin film. The cross represents the intersection of four

y is drawn on the right.

This journal is ª The Royal Society of Chemistry 2011



Fig. 5 The integration of synchrotron experimental data along the

spike, by subtracting the contribution of the kapton tube (open circle).

The plain line corresponds to the fit of this data with a ‘‘five-layer’’ model.

The ‘‘Bragg peak’’ contribution is illustrated by the dotted line. Insert: the

‘‘Bragg peak’’ described by the Laue function; schematic of the electron

density profile of the film with a stratification inside the layers denoted 2.
specular reflectivity intensity averaged on the coherence of the

beam is given by27–29:

RðqÞ ¼ RFðqÞ jFðqÞj2 CWðq;T ;gÞ (1)

where RF is the Fresnel reflectivity for an ideally flat interface,

RFðqÞ ¼ ð4pr0Þ2
q4

(2)

and r0 is the classical electron radius. |F(q)|2 is the intrinsic

structure factor normal to the surface, which is expressed as:

jFðqÞj2 ¼
���� 1rN

ð
dz

dhrðzÞi
dz

eiqz
����
2

(3)

rN is the bulk electron density and hr(z)i is the average electron
density profile normal to the surface, CW(q,T,g) is the surface

roughness term due to capillary waves and depends on the

surface tension g and the temperature T. It is given by:

CW(q,T,g) ¼ e(�s2(g,T)q2) (4)

where the surface roughness s (characteristic length scale), which

is about a few�A at room temperature, is neglected here for SAXS

experiments since the resolution is much lower than the resolu-

tion of reflectivity experiments.27

The reflectivity formula derived from the Fourier transform of

uniform electron densities in each layer enables us to use

analytical functions in a reasonable simplified model:
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�
2
664

3
775
2

(5)

To interpret the small angle scattering data, we must introduce

a geometric factor in the formula (5), which takes into account
This journal is ª The Royal Society of Chemistry 2011
the film curvature. Nevertheless, this parameter is small22 and

does not influence the description of the oscillations.

In-plane wavelength dependence of the roughness (off-spec-

ular reflectivity or diffuse scattering) should be included in the

X-ray data. However, this contribution is generally present for

a larger q range with a high resolution reflectivity diffractometer

adapted to perform surface-diffraction scans.30 Transverse qy
cuts for different qz points of the spike (Fig. 4) only show that the

profile is defined by the instrumental resolution. We did not

observe any profile broadening in our data, confirming that the

diffuse scattering contribution can be neglected.

To limit the number of fitting parameters (here 7 parameters)

of the formula (5), we have made several assumptions: the elec-

tronic density r2 is set to 1 (reference), layers in the periphery of

the film and the interior are assumed to be identical (d1 ¼ d3, r1¼
r3). The latter assumption is only meaningful if the layers are

thin. Regarding the ‘‘reference’’ layer, we have assumed a priori

that it is mainly composed of water because of the low protein

concentration. Thus, the only fitting parameters are the absolute

intensity scaling factor, d1, r1, d2. The model was fitted to the

data using the Levenberg–Marquardt algorithm. A statistical

weighting was introduced, which gave more weight to highest

intensity values, that is, first oscillations and tops of the last

oscillations.
3.2 ‘‘Bragg peak’’

Diffuse scattering centred at 2.4 nm�1, labelled (00l) ‘‘Bragg

peak’’, could be simply described by the Laue function 
sin

�
Nqd

2

�
=sin

�
qd

2

�!2
where N is the number of proteins

ordered within the film with a periodicity d (insert of Fig. 5). The

value of qd/2 corresponding to (00l) ‘‘Bragg peak’’ is lp and in

the reflectivity pattern, the Laue function is divided by q2. The

description of this diffraction contribution is independent of the

one used for Kiessig fringes, allowing us to simplify the model.

The existence of a ‘‘Bragg peak’’ reveals electronic density fluc-

tuations within the layers, perpendicular to the film surfaces. The

peak position is defined by the periodicity of the alignment,

which is found at 2.64 � 0.01 nm for (001) ‘‘Bragg peak’’ (l ¼ 1).

The width is given by the number of proteins, which is found to

be N ¼ 10 � 1 within each thick layer. Given the particular

variation of the background, it is not possible to define more

precisely the number of proteinsN. To ensure consistency in data

modeling, the thickness d2 of the solution layer must be at least

26.40 nm.
4. Discussion

4.1 ‘‘Bragg peak’’

In reflectivity spectra of self-assembled films, Bragg reflections

corresponding to the internal layer structure of the film are

usually not observed.31–33 To the best of our knowledge, it is the

first time that a molecular organization in a protein foam film has

been identified. Such an observation is based on the use of small

angle scattering using a synchrotron source (high flux, good

angular resolution) but also a well controlled protein preparation

(purification/lyophilization, freshly prepared solutions). The
Soft Matter, 2011, 7, 9283–9290 | 9287



value of 2.64 nm is surprisingly small when one considers the size

of the ovalbumin molecule (4.5 � 5.0 � 7.0 nm3).10,34 The

protein–protein interactions are dominated by electrostatic

repulsion at neutral pH and low ionic strength.24 The interpar-

ticle distance for monomers depends on the protein concentra-

tion and is typically 10 nm in concentrated solutions,34 much

higher than the value we found. Other X-ray experiments9 have

been performed on a freestanding film of b-lactoglobulin and

have shown that the protein may retain its native conformation

inside the film. However these studies have been performed on

a Newton black film where the aqueous core is reduced to

a hydration layer.

The periodicity d was assigned by using the default (001)

‘‘Bragg peak’’. Another scenario might be proposed assuming

that the (001) ‘‘Bragg peak’’ is not observed but rather there is the

existence of a (002) one. In this case, the distance d becomes

5.28 nmwith a protein organizationN¼ 5 and is compatible with

the molecular dimensions. The form factor of the mean electron

density of the protein packing modulates the amplitude of the

‘‘Bragg peak’’ and gives the ‘‘centrosymmetric’’ behavior of the

lamellar structure. The observation of a single reflection does not

us allow to describe the form factor. Similar SAXS investiga-

tions35 have shown that some self-assembly systems are influ-

enced by the molecular concentration or the water content.

Proteins with equivalent molecular weight may be confined in

lamellar structure, with a size of 2.3 nm.35 But we cannot exclude

the hypothesis that ovalbumin may partially lose its globular

conformation with tertiary structure modifications. To go deeper

into the understanding of the molecular alignment, it would be

useful to pursue these synchrotron studies by changing the ionic

strength and pH and to identify the structural changes under-

gone by the protein in the film.

Some SAXS tests were performed by doubling the ionic

strength of the solution. Some additional peaks appear only

inside the spike but the position of these peaks is highly variable

from one film to another and the shape is not described by the

Laue function. The reduction of the electrostatic repulsion

should favor the formation of a percolation network (clusters of

aggregates) within the film. Similar results were obtained with

a high concentration of protein (30 g L�1).
4.2 Kiessig fringes

The fitting of the synchrotron data by the ‘‘five-layer’’ model gave

a thickness d2 ¼ 27.6 � 0.3 nm for the solution layers. The ratio

of the electronic density r1/r2 and the thickness d1 of the

monolayer are found to be equal to 1.2 � 0.1 and 1.5 � 0.3 nm

respectively (c2 ¼ 120, which leads to a reduced c2 ¼ 0.46). The

value of the parameter c2 is large because of a rough description

of the background. Knowing the structural parameters of oval-

bumin,10,34 it means that part of the molecule is identified on the

interfacial layer. Taking into account these results and the

molecule numbers in each layer, we can conclude that the lateral

organization is different in the air/solution interface and inside

the film. The fraction of proteins contained in the film plane

would result in a 6% lower electronic density at the interface than

inside the film.

Other synchrotron reflectivity experiments performed on the

ID10B beamline (ESRF, Grenoble, France) have shown an
9288 | Soft Matter, 2011, 7, 9283–9290
adsorbed layer with a thickness of 1.5 nm that is markedly

affected by aging due to slow conformational changes of the

protein molecules.36 However, the existence of a single layer (or

thin layer with thickness d1) in the middle of the film is

a surprising result. To correctly describe the minimum Kiessig

fringes, it was imperative to introduce this layer, whose electron

density is close to that of the adsorbed layer. If we describe the

inner layer (thickness d2) by a molecular structure, this implies

that an even number of molecules (here 10 for 2.64 nm period-

icity) are arranged in pairs with a defect caused by a single

molecule (layer denoted 1). Such a model was proposed to

describe surfactant bilayers in a foam film beyond the critical

micellar concentration, with intermolecular hydrophobic inter-

actions (stratification).37,38

The remaining question is how to apply such a description for

globular proteins with hydrophobic and hydrophilic parts that

are not separately identified. Stratification is a general phenom-

enon for thin films formed from concentrated colloidal disper-

sions.39,40 An oscillatory structural (attraction/repulsion) force

becomes apparent when the particle density inside the film is

higher than in the meniscus, by about 0.2 vol%. Despite the low

bulk concentration of protein (10 g L�1) corresponding to an

average of 1.36 � 10�4 molecules nm�3, it appears that the

effective concentration in the film is much more important and

may result from the drainage effect. This assumes that the water

is principally contained in the Plateau border (menisci). The

concentration difference between the film and the menisci should

induce significant osmotic pressure. An effective concentration in

the film of about 150 g L�1 may induce an osmotic pressure of

about 0.5 bar,41 sufficient to generate a modification of the

electronic density inside the molecule or an unfolding protein

with changes in tertiary structure (Gibbs free energy estimated at

220 kJ mol�1). To ensure confined self-assembly of amphiphilic

molecules within the film, the secondary structure of the protein

should be conserved.42

As the modeling of Kiessig fringes and ‘‘Bragg peak’’ are

uncorrelated, the electronic density of solution layers r2 was

arbitrarily set at 1. By using a Fourier transform of the electron-

density profile perpendicular to the interface, it is possible to

analytically calculate the reflectivity intensity by correlating

Kiessig fringes and the ‘‘Bragg peak’’ taking into account the

form factor of the protein molecule. The coupling between these

two phenomena may result in a shift and modulation of the

‘‘Bragg peaks’’. The peak shift is not observed here and such

a calculation is only relevant if the boundaries of the layers are

well defined with regularity of the stratification.43 In our case, the

polydispersity in molecule size resulting from the partial

unfolding leads to an average thickness d2 of the two reference

layers and the reflectivity intensity is simply the sum of two

intensities arising separately from Kiessig oscillations and

a ‘‘Bragg peak’’. The model proposed here may be incomplete

but, unlike a classical reflectivity experiment for which the

orientation of the wave scattering vector is controlled, the

intrinsic curvature of the film probed by the X-ray beam defines

the angle distribution.

Some complementary experiments performed under different

conditions (line SWING, detector distance 1.201 m, acquisition

time 25 ms) show that the films inside the bamboo foam have

almost the same average thickness. Fig. 6 is an example of data
This journal is ª The Royal Society of Chemistry 2011



Fig. 6 The integration of synchrotron experimental data along the

spike, from a filtered ovalbumin solution (0.45 mm) at pH 7 (circles) and

at pH 5 (squares). The peak at 2 nm�1 is not a ‘‘Bragg peak’’ (see text).
from a filtered ovalbumin solution (0.45 mm). The ‘‘Bragg peak’’

is very sensitive to the film orientation relative to the beam but

also the quality of the protein solutions used. If the solution is

not filtered enough, the stratification within the film is broken by

defects generated by the aggregates. A test at pH 5 (ionic strength

88.7 mM) showed that the diffraction pattern is very similar to

that obtained at pH ¼ 7. The film has almost the same thickness:

the Kiessig fringes are superimposed. The peak at 2 nm�1 seems

to be related to aggregates.

The pH effects on the interfacial rheology13 are mainly related

to the protein net electric charge and to the electrostatic repul-

sion, which hinders intermolecular interactions when the pH is

far from the isoelectric pH (4.75). At pH 5, ovalbumin is assumed

to exhibit a lower structural stability, which does not affect the

average thickness of the films. However, the development of

intermolecular interactions should modify the molecular orga-

nization inside the film. Failure to observe the Bragg peak

deserves further experiments by varying the pH and ionic

strength gradually.
4.3 Aging protein film

The overall thickness of the film is 59.7 nm, which has been

confirmed by thin film balance experiments (Fig. 7). Film

formation and rates of drainage depend on film history. Fresh

ovalbumin films are more stable if the solution is filtered. By

applying external pressures of about 1 kPa to induce drainage,
Fig. 7 Top views of ovalbumin thin films, obtained with the thin film ba

This journal is ª The Royal Society of Chemistry 2011
the film was thinned and took on a gray appearance. According

to Newton’s colors, the film thickness must be between 50 and

60 nm. Aging of the film has been observed over time (for one

hour): surface aggregation appeared at the micron scale, sug-

gesting that the film became heterogeneous in thickness.

Studying aged films has dramatic effects for reflectivity experi-

ments generating a progressive disappearance of well-defined

oscillations over time. For synchrotron experiments, the acqui-

sition time was so short (10 ms) that film aging is unlikely to

occur. A series of scans performed at the same point of a film

have shown that ovalbumin is not denatured by the high flux of

synchrotron source. However it is possible that aging effect may

have damaged the in-house X-ray acquisitions for which the

acquisition time was longer (15 min) and made it difficult to get

a good signal to noise ratio. The in-house X-ray flux on the

sample is about 3 � 108 ph s�1 to 1012 ph s�1 for the SWING line,

which also explains the failure to observe the ‘‘Bragg peak’’ in the

scattering pattern. Taking the parameters established by fitting

the synchrotron data, Fig. 3 shows a fairly good description of

the in-house X-ray results.

The data could also be fitted by taking a film thickness of

30 nm i.e. half the thickness found in our model by simply using

the ‘‘three-layer’’ model.22 However, the minima of the fringes

would have been badly described. We are aware that our model is

rather simple compared to those developed for specific

measurements of reflectivity.26–30,43 However, the description of

the oscillations by setting the positions of the maxima and

minima is clearly mainly due to the existence of a five layer

model. The oscillation profiles at larger q may be related to the

effect of roughness that we have neglected. A study of the vari-

ation of the diffraction spectra with the temperature might have

been helpful but is not an option for films greatly destabilized at

high temperature. Nevertheless, the similarity between the in

house spectra (T ¼ 20 �C) and the synchrotron experiment (T ¼
25 �C) indicates that the temperature does not have a major

influence on the spectra.
5. Conclusion

SAXS experiments with drained films stabilized by ovalbumin

(pH 7) highlighted the existence of stratification inside the film

with well-defined organization. The stratification also indicates

that the effective concentration of molecules confined in the film

is much higher than in the initial bulk concentration and that the

majority of water is contained in the Plateau border. The

observation of Kiessig fringes by in-house X-ray and synchro-

tron radiation have shown that the films are thin with an average
lance apparatus after aging for (a) 10 min, (b) 35 min, (c) 1 h 35 min.
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thickness of 60 nm. For each experiment, solutions of highly

purified protein were freshly prepared to eliminate any problem

of aging. Considering the available data about ovalbumin

foaming properties as affected by, e.g., the protein net charge, it

seems interesting to use SAXS to study the structure of the film in

various pH and ionic strength conditions. It is likely that the

molecules lose their tertiary structures if the observed ‘‘Bragg

peak’’ is attributed to the first order one. However, we cannot

exclude that the molecule retains its configuration: the non

observation of a (001) ‘‘Bragg peak’’ would then be explained by

a modification of the mean electron density of the molecular

packing
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