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Abstract

In this work B-casein adsorption kinetics at air/water and oil/water surfaces is studied by ellipsometry. Double layer
formation is observed; the process is not influenced by the type of the hydrophobic phase. A dense protein layer
initially forms, and then the adsorption continues in a second more diffuse layer, which extends in the aqueous phase.
The surface coverage (i.e. the adsorption, I") in the second layer approaches that in the first dense layer at long times,
but the thickness and the refractive index of the second layer testify for lower volume density of protein there. The
well known ellipsometric problem of correlating parameters in the case of measurement in a very thin layer (on a
substrate which does not absorb light) has been overcome by using different upper phases (oil and air). This gives the
opportunity to determine separately the refractive index and the thickness of the layer. The same procedure is
applicable whenever a very thin layer structure with two unknown parameters is under investigation. © 2000 Elsevier
Science B.V. All rights reserved.
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liquid phase boundary are of primary interest for
understanding the mechanism of protein action at
the surface. Many studies have been devoted to
the problem of protein adsorption and characteri-
sation of the already formed layers, but a lack in
studying the kinetics of adsorption still exists.
We have carried out a kinetic ellipsometric
study of B-casein adsorption at two different in-

1. Introduction

Wide range of surfactants and stabilisers are
used in food industry to control the formation
and stability of emulsions. The proteins are insep-
arable part of many formulations [1]. The adsorp-
tion phenomena at a hydrophobic/hydrophilic
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terfaces (water/air and water/oil). The growth of
the adsorption layer has been monitored, and the
stages in the adsorption process are outlined. The
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results for the final state of the layer are com-
pared with the findings of other authors reported
in the literature [2—5]. It is demonstrated that
B-casein adsorbs in the same manner at the
boundaries of oil and air phases with water; the
already formed layer remains unchanged when the
upper air phase is replaced by oil. The unique
property of B-casein to form identical layers at
two different interfaces is used to gain sufficient
information (i.e. sufficient number of parameters),
so as to determine the layer thickness and the
refractive index.

It is well known that the ellipsometric angle
practically does not change from its value at a
bare surface, when a very thin layer (100 times
thinner than the light wavelength, 1) is formed on
a substrate with real refractive index. In this case
the first derivative of i with respect to the layer
thickness d is zero, and the change of ¥ from its
value on a bare surface (dy) is proportional to
the second-order term in the expansion over pow-
ers of (d/2), namely, to (d/4)* [6-8]. Thus, if no
other information for the layer is available except
that from a single ellipsometric experiment, the
problem of finding the thickness and the refractive
index cannot be solved, because only one parame-
ter, the ellipsometric angle 4, can be used. It is
shown here that the information obtained by ad-
ditional measurement in a different surrounding
medium is sufficient to overcome this problem.
The two unknown layer parameters — thickness
and refractive index, can be determined from the
two 4 values measured under different media.
The method is valid even for thin multilayer
structures with two unknown parameters. It is
possible to solve numerically the inverse problem
of ellipsometry, and to find these two parameters,
using the two measured values of 4.

We applied one and the same technique to
study B-casein adsorption from water phase to the
boundary with air and with oil, as the processes
go in the same way. It is possible to show that the
final state and the adsorption kinetics are virtually
identical; thus, the layer thickness and refractive
index are liable to determination continuously, in
the entire experimental time interval.

The results from a ‘single layer’ model initially
suggested by us indicate that it is not satisfactory

for description of the real structure on the surface.
Therefore, the model has been extended to a
‘double layer’ one, thus achieving a more accurate
representation of the real system. We have found
a very fast initial saturation of the surface with a
thin dense layer of protein, and then the adsorp-
tion continues, forming a looser and thicker layer
underneath.

2. Theoretical background

The ellipsometry gives the opportunity to study
the processes of layer formation without direct
contact with the samples, analysing only the po-
larisation state of the light reflected from the
sample surface [6]. The change of polarisation
state is described by two angles, 4 and i, which
characterise the ability of the surface to reflect
differently the light polarised perpendicularly and
parallel to the incidence plane. The analysis of the
experimental results is based on modelling the
investigated system. The unknown parameters are
usually found by a numerical minimisation proce-
dure of fitting the ‘designed’ and the measured
ellipsometric angles.

A problem with data interpretation appears
when one measures very thin transparent layers
(of thickness about hundred times smaller than
the wavelength) on a nonabsorbing substrate [7].
In such a case only A is sensitive to the existing
layer, while the angle ¥ in a first approximation
does not change from its value at the clean sur-
face (without any layer). So, there are two un-
known parameters (thickness, d,, and refractive
index, n,), and only one quantity coming from
the experiment — A. Thus, the standard proce-
dure for interpretation of the experimental data is
not applicable, because of the insufficient number
of informative parameters. As it was shown by
Antippa et al. [7], for very thin transparent layers
the following expression for the change of the
ellipsometric angle A is valid up to the first order
term in the expansion over powers of d; /41« 1:

5A = A - Abare
47 n, sin(p) tan(e)

= FX: AFX7
2 [n3 = ng[l — (ng/n,)* tan*(e)]
(la)
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nn3

Py + 2 i3 (1b)
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Here 04 is the difference in the angle, for cov-
ered with a layer and bare surface, respectively,
Z is the light wavelength, ¢ is the angle of inci-
dence, and the refractive indexes ny, ny and n,
refer to the substrate, the layer, and the immer-
sion medium (upper phase). The thickness of the
layer is d,y, and A stands for the coefficient
relating 04 to Fy.

As it was mentioned above, for a transparent
substrate (i.e. when n, is real) the change of i,
oY, is zero up to the first order term in the
expansion over powers of d,y/A. Thus, for thin
layers we can only apply Egs. (1a) and (1b) to
find a connection between the film parameters.
It should be pointed out that the multi-angular
ellipsometry does not resolve the problem with
the correlating layer parameters [7] (if one mea-
sures only JA, then d, and n, are not indepen-
dent). Indeed, the coefficient 4 in Eq. (la)
depends on the angle of incidence, ¢, the wave-
length, /, the substrate and the surrounding me-
dia refractive indexes, n, and n,, but the layer
parameters remain hidden in the term F, (Eq.
(1b)). The measured value 54 is proportional to
the term Fy, which contains the entire informa-
tion about the layer. Thus, from a single ellipso-
metric measurement we can obtain the
quantities ny, and d,y built inseparably in the
relation (Eq. (1Db)).

However, the inverse problem for a thin layer
is completely soluble if there are two values of
oA, measured with different surrounding phases.
As the refractive index of the upper phase, n,, is
included in the expression (1b), the correspond-
ing two formulae for F, can be combined and
solved for n, and d,,. The easiest way to gain
two independent F, values is to change the sur-
rounding medium from air to oil, thus the re-
fractive index n, changes from n, =1.00 (air) to
the value of the oil. We used pure xylene (iso-
meric mixture), with n, = 1.50.

The real situation is a bit more complicated,
because instead of one new phase we have two
phases — thick oil layer, and air on top of the
sample. The light beam which reflects from the

investigated surface passes twice through the air-
oil boundary. The additional analysis (not given
here) shows that the ellipsometric angle A is not
influenced when the light beam passes through a
flat interface between transparent media. Only a
correction for the incidence angle ¢ is needed,
because the beam refracts at the air/oil
boundary and comes to the layer at a smaller
angle. Accordingly, we use the Snell’s law.

The substrate is water solution, and air and
xylene are the surrounding media in our protein
adsorption experiments. The adsorbed layer re-
fractive index is determined by using the ratio
of both terms Fy for 4 measured in air and
under oil:

(044, _ni+ (ngni/n3) —ng —ns,
(044, ni+(niny/n3) —ng—n3,’

where the indices a, o, and w designate air, oil,
and water, respectively. Eq. (2) determines the
refractive index n,, and then from Eqgs. (1a) and
(1b) d,y can be calculated.

The procedure of combining the ellipsometri-
cal data under different immersion media can be
successfully applied even for very thin layer
structures with two unknown parameters. Then,
a numerical minimisation procedure should be
used for fitting the modelled and the measured
A values (there will be no analytical solution
connecting n, with 64, and d4,, such as that
discussed above — Eq. (2)). An example of this
kind of treatment is given in the present paper,
where formation of a second layer beneath the
first adsorbed one takes place. The refractive in-
dex and the thickness of the second layer in its
final state are found from the measured ellipso-
metric angle 4 under air and oil, using the al-
ready known thickness and refractive index of
the first layer. A minimisation procedure for
finding the parameters of the second layer is
applied, according to the double layer model
(see below).

Finally, an important point should be men-
tioned: the parameters of the thin layer them-
selves (ny, d;y) should not change when the
surrounding medium is replaced by another
phase. Otherwise, the procedure proposed above
will be meaningless.

2)
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3. Experimental
3.1. Apparatus

A null type ellipsometer [6] — ‘polariser com-
pensator sample analyser’, with a He—Ne Laser
source (4 = 632.8 nm), and a photo-multiplier as a
detector of the reflected light intensity were used.
The measurements were carried out at two differ-
ent incident angles with respect to the surround-
ing media — 70 and 50° for oil and air,
respectively. The procedure of diminishing the
output light signal in ‘two zone’ method [6] allows
us to measure A4 with accuracy of 0.06, and i with
0.006° (for optimal conditions on a stable solid
surface), and to perform sampling every other
minute. Thus, the initial (relatively fast) kinetics
of casein adsorption was followed in 2-min inter-
vals. At longer times the kinetics becomes slower,
then the measuring intervals were increased, ac-
cording to the changes in the ellipsometric angle
a.

3.2. Materials

Lyophilised, essentially salt-free B-casein from
bovine milk, purchased from Sigma Chemical Co.
(Catalogue # C-6905), was used as received.
Other substances, such as hydrochloric acid to
adjust the pH, and sodium azide to prevent bacte-
rial contamination, were added to the water solu-
tions of protein. All samples were prepared with
deionised water obtained from a Milli-Q system
(Millipore). Purified xylene was used as a hydro-
phobic oil phase. It had been preliminarily filtered
through a column packed with chromatographic
adsorbent (Florisil), in order to remove any sur-
face-active impurities.

3.3. Procedure of sample preparation

The adsorption studies were carried out with
aqueous solution of 0.01 wt.% B-casein containing
0.2 g/l sodium azide (NaN;), at pH 5.0 adjusted
with hydrochloric acid. Purified xylene was used
as a model hydrophobic phase. Although it is
inapplicable in the food industry, we wanted to
prevent contamination with fatty acids, lipids and

other surface active components usually present in

natural oils, that is why xylene was preferred.

Three kinds of experiments were carried out.
1. Adsorption of [f-casein at air—water interface.

The solution with the desired concentration
was Initially prepared and poured into a glass
vessel. Then, the sample was aligned to the
light beam at the ellipsometer sample stage.
The measurement was started immediately af-
ter cleaning the surface (the latter was accom-
plished by sucking out with a small pipette).

2. Adsorption of P-casein at oil-water interface
after protein injection in the aqueous phase.
Initially, water with the desired pH (without
protein) was covered by a thick oil layer ( ~ 2
cm). The obtained bare o-w interface was
aligned to reflect the light beam. Then, a con-
centrated P-casein solution was injected into
the water phase. The protein quantity was
chosen in such a way as to ensure the desired
bulk concentration in the whole volume of the
aqueous phase. The measurements started im-
mediately after the injection.

3. Measurements of initially formed [f-casein
layer, after changing the air—water interface to
oil-water interface. A protein layer was ini-
tially formed at the air—water interface. Then,
oil was carefully poured on top of the protein
layer. The changes in the layer were afterwards
monitored.

The kinetic curves, 04 versus square root of
time, are given in Fig. 1. The difference in the
ellipsometric angle 4 from its value at the bare
interface (d4) is presented. The time scale \ﬂ is
chosen for a better illustration of the kinetics. The
values of 0y are not shown, because the experi-
mental error is far greater than the effect from the
layer formation. The measurements have been
carried out at room temperature (18 + 1°C), and
were reproducible within the data scatter shown
on Fig. 1.

The scattering of the raw experimental data (64
on Fig. 1) is relatively high, which is to be ex-
pected when ellipsometry is applied to fluid inter-
faces. The reasons are connected with the liquid
surface vibrations, and with the small reflected
intensity. These problems become even more pro-
nounced for liquid/liquid/fluid systems (in our
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case, water/oil/air), when the lower boundary is from the oil/air surface. As mentioned in Section
being investigated. The intensity of the light 3.1, the accuracy of the ellipsometric method itself
reflected from the water/oil interface is very low, (and of the apparatus) is about 0.06° in A4 (which
and moreover, one has to separate this beam from would have been realised on a stable solid sur-
the much more intensive beam primarily reflected face). In reality, the experimental data scattering
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Fig. 1. Raw ellipsometric data. (a) Layer under oil, prepared by injection (method (II) in Section 3.3, the full circles), or by pouring
oil over a layer initially formed on air/water surface (method (III), the pluses); (b) results for air/water interface (method (I) in
Section 3.3); and (c) the data for J4 from the case (a) (the full circles) and the case (b) are scaled by the respective average final
value of 94 (denoted by d4,,,,), and are plotted together.
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is 3-4 times greater than the value 0.06°
(Fig. 1).

4. Discussion

The analysis of the protein adsorption be-
haviour, as seen from the raw ellipsometric data,
leads to the following three conclusions.

1. The layer initially formed on air/water
boundary and after that poured over with oil
(Fig. 1a — bold plus symbols) does not ex-
hibit any change with time. We accept that the
adsorbed layer is stable, and is not disturbed
by exchange of the upper phase. Eventual
reconfiguration should have finished com-
pletely within those several minutes needed for
aligning the sample stage after the oil addition
and preparing for the measurement. The pe-
riod during which the sample was not ellipso-
metrically monitored (2-4 min) is much
shorter than the characteristic times of adsorp-
tion ( ~ 20 min), so we are convinced that no
layer transformation takes place.

2. The layer formed on the bare oil/water surface
after injection (Fig. 1a — full circles), reaches
the same A as the layer initially formed in air
and then poured over with oil (+ signs in Fig.
la). The equal final state, irrespective of where
the layer was formed initially, testifies for the
insignificant role of the oil: it does not influ-
ence the final state of the protein. Hence, there
is no substantial hydrophobisation of the ad-
sorbed [-casein molecules, or at least the
thickness and the refractive index of the layer
are not affected.

3. The kinetics of layer formation on air/water
interface (Fig. 1b — open circles), compared
to the kinetics on initially bare oil/water inter-
face (Fig. 1a — full circles) shows similar time
behaviour for both samples, but different mag-
nitudes of A (because the oil and the air have
different refractive indexes). The two curves in
Fig. 1(c), obtained by scaling of those from
Fig. 1(a, b) by normalising with the maximum
0 A, have identical shape.

In other words, the final state of the layer
formed initially in air (Fig. 1b) does not differ

from that of layer formed by injection under oil
(Fig. 1a — circles), because when immersed into
oil the former gives the same 4 as the latter (Fig.
la — +). The equal final state, and the similar
kinetics beneath oil and air, lead to the conclusion
that the protein adsorption and conformation do
not depend on the surrounding hydrophobic
phase, be it oil or air. This inference should not
seem surprising, because B-casein is known to be a
disordered molecule which possesses no tertiary
structure and S-S linkages, with little ordered
secondary structure only [2].

There are now two separate parameters avail-
able to determine the layer state — the two angles
A measured under oil and under air.

To work out a single-layer model for interpre-
tation of our experimental results, we applied a
linear interpolation of the data from the two
curves 04(t), in the following manner: First, we
sort all points in order of increasing time. Next,
for a given point from one 64 (z) curve we find a
value of 04 which corresponds to the same in-
stant of time on the other J4(¢) curve, by interpo-
lation between the two nearest measured points
on the latter curve. Thus, values referring to one
and the same time moment (under air and oil)
were obtained. Then, the procedure for determi-
nation of ny and d,, described above was imple-
mented, at each couple of corresponding points.
Thus, the thickness and the refractive index were
found as functions of time.

Each (ny, d,y) couple now yields the respective
protein volume density (concentration) in the
layer, ¢, and the surface concentration (the ad-
sorption, I'). ¢ is calculated from the linear ap-
proximation for the refractive index of protein
solutions:

ny =g+ <d”>c, (3a)
de

where dn/dc = 0.18 cm?/g (literature data, cf. Refs
[3,9]). The volume density (layer concentration), c,
and the layer thickness, d,, determine the ad-
sorption, I':

I'=cdy. (3b)

The linear type of the relation connecting the
refractive index with the volume concentration,
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Eq. (3a), imposes a restriction on the range of its
applicability. Indeed, Eq. (3a) has been estab-
lished by experimental measurements of # in bulk
aqueous solutions (not in interfacial layer). So, to
apply Eq. (3a) for the layer, one has to extrapo-
late bulk data obtained at relatively low concen-
tration of protein to the very high concentrations
inside the adsorbed layer [5].

4.1. Results for the single layer model

Supposing a homogeneous layer formation dur-
ing B-casein adsorption, and applying the treat-
ment described above, we calculate the curves
n(t), d(t), c(t), and I'(¢). The results are presented
in Fig. 2.

The refractive index increases rapidly at the
very beginning, and reaches the value of 1.45 for
21 min. Then, it tends to decrease back to ~ 1.40,
during the entire measuring interval. The thick-
ness shows different behaviour. It increases
monotonously over the whole time interval, ap-
proaching the value of 6 nm. At the critical point
of the refractive index curve (the maximum), d has
a value of 1.8 nm. As the volume concentration, c,
is proportional to the refractive index, its curve
has the same behaviour as that of n. The adsorp-
tion I" steadily increases, up to 2.3-2.5 mg/m> at
the end. This value is of the same order as the
values reported in the literature. Graham and
Philips [3] obtained a saturated coverage of 2.6
mg/m? (measured by surface radioactivity), and 4
mg/m? by ellipsometry (with B-casein after more
than 16 h). More recent study by radiotracer
technique [4] gave 2.2 mg/m? for B-casein layers
adsorbed from solutions with concentration in the
range 10~ °-10~* wt.%. The protein concentra-
tion in our experiments is considerably higher
(10 =2 wt.%), but this influences mostly the rate of
adsorption and not its final state. The latter con-
clusion follows from the fact that our I" (2.3-2.5
mg/m?) practically coincides with that from Ref.
[4]. According to Ref. [3], I' does not depend on
the bulk concentration in the range 10~%-10~2
wt.%.

The fast initial increase of the refractive index
(and volume concentration), and the relatively
stable further values, indicate rapid adsorption

and ordering of the protein molecules at the bare
surface, and formation of a tight layer up to the
21st min. Afterwards, the layer starts to grow
thicker and a bit more dilute (Fig. 2b, c¢). Addi-
tional protein attaches to the surface during the
thickness increase, which is proved by the rising
values of I' (Fig. 2d).

The peculiar behaviour of the refractive index,
which diminishes after the 21st min, can be ex-
plained by the hypothesis that, first, a rigid thin
layer forms, up to complete surface coverage, and
then the protein from the bulk keeps adsorbing
underneath slowly, building a second layer. It is
reasonable to assume that the first process is
irreversible [3], and the first monolayer keeps its
density constant. The maximum in the volume
concentration curve can be interpreted as the final
stage in the fist layer formation. Next, this process
of fast irreversible formation of the first mono-
layer is followed by a continuing slower adsorp-
tion of molecules coming from the bulk. The
structure built up in this way has two different
sub-layers, with distinct optical properties. The
above considerations lead us to the conclusion
that the ‘single layer’ model can be taken only as
a first approximation, and should be extended to
a more accurate model of double layer structure.

The ‘single layer’ model is adequate (in the
sense of representing the real structure) up to the
critical point on the refractive index kinetic curve
(the maximum). A dense monolayer initially
forms alone at the surface, and only then the
further underneath adsorption commences.
Hence, the first layer in the more elaborate model
will have well defined parameters liable to direct
determination: its refractive index and thickness
correspond to the 21st min (the maximum) on the
kinetic curves in the single layer model. The kinet-
ics within the rest of the experimental time inter-
val is treated as growth of a second looser layer.

These ideas are supported by the available in-
formation in the literature about the structure of
B-casein molecule and its conformation on fluid
interfaces. PB-casein is a single-chained protein
(molecular weight 24 000), composed of 209
amino-acid residues with known sequence [2,10].
The molecule has little ordered secondary struc-



96 S.C. Russev et al. / Colloids and Surfaces B: Biointerfaces 19 (2000) 89100

1.55 —
S 150 —
x -
$ s Mt (a)
[0} - A “Zf A A
2 140 R e
(o] -
T 1.35 — /
1.30 g T T T T | T T T T T |
6 — A
5 A A A%f/l}/,-
IS A & Al A
. e W Ak
s A7 A
‘. e (b)
o 7N
S 27 AA
é A
0 Al I 1 l I I I r 1 1 I
1.00 —
(op]
E -
(&)
S 075 — -I'?\\
&) . _#. \el-
S 050 / * wﬁ#ﬁ% — ©)
5 S 1+ g RN
> C
T3 025 )
C /
8 ] /
0.00 # I 1 1 I I I I I I I
25 —
o -
E 20—
()]
2 -
v 15—
! -
2 1.0
=1 -
3
2 05—
«© -
0.0
0.0 05 1.0 15 2.0 25 3.0

Jt, Jhours

Fig. 2. Calculated results for one-layer model. The curves for the refractive index (a), and the volume concentration (c) exhibit
maxima. This may be considered as a result from formation of a first very dense monolayer of protein. The subsequent diminishing

after the maxima in both curves indicates formation of a second looser layer. The thickness and the adsorption (curves b, d) increase
monotonously.

ture, and does not contain disulphide bridges and amino-acids (starting from the N-terminus) are
tertiary structure [2]. The B-casein molecule has a hydrophilic, whereas the remaining 159 residues
distinctly amphiphilic nature, because the first 50 are predominantly non-polar and rather hydro-
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phobic [2,10]. This determines the ability of B-ca-
sein to aggregate in aqueous solutions, forming
the so called ‘sub-micelles’ with diameter 15-20

m [11]. The size of the sub-micelles (Ref. [11]) is

in good correlation with the thickness of thin
aqueous films between xylene phases, about 20
nm, measured in a capillary cell [10]. Such films
are actually bilayers.
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Fig. 3. Results from the double layer model. (a—c) Parameters of the two substructure layers. The first one forms rapidly, and retains
constant values of n (refractive index), ¢ (volume concentration), and I’ (adsorption). The second sublayer develops slowly
underneath. Case (d) comparison between the results for /" calculated from the single layer model (case d in Fig. 2) and the double
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Table 1
Final state in the double layer model — Fig. 4*

Substituted in the minimisation procedure

Calculated results

o4 (oil) o4 (air) n (st layer)

d (1st layer)

n (2nd layer) d (2nd layer)

1.44° 3.60° 1.45

1.8 nm 1.366 5.4 nm

# Final state parameters for double-layer model, calculated from (i) the final 64 measured under oil and air; and (ii) the known

thickness and refractive index of the first dense layer.

Graham and Phillips [12] discussed in detail the
conformation of p-casein adsorbed on fluid
boundaries. Those authors considered it likely
that at low surface pressure (and coverage) the
molecules lie flattened on the interface in an ‘all-
train’ configuration (i.e. most residues are located
in the plane of the surface). With progressively
increasing I' more loops and tails form. Such a
view may explain why in our experiments initially
the layer is very thin (~ 1.8 nm) — it probably
contains only molecules in ‘side-on’ position. Af-
terwards, as new protein molecules come to ad-
sorb, more segments protrude in loops, and the
hydrophilic portions of the chains dangle into the
water phase as tails. Thus, the thickness increases
gradually.

Neutron reflectivity study of B-casein adsorp-
tion [2,5] gives a structure of two layers — dense
hydrophobic ‘inner’ surface layer of thickness
1.854+0.15 nm, which is closest to the liquid
boundary, and more diffuse ‘outer’ layer (from
the side of the aqueous solution), of thickness
6.85 4+ 0.74 nm. The double layer model reported
here (Section 4.2) leads to approximately the same
picture for the final state of the layer; the calcu-
lated total surface concentration (I') is the same
as that in the single-layer model.

4.2. Results for the double-layer model

4.2.1. Final state

The final state of the double-layer structure was
calculated using the already known parameters
for the inner dense layer, as they were found at
the 21st min with the single-layer model. A min-
imisation procedure for the thickness and the
refractive index of the second (looser) layer was

applied to the final values of d4, measured under
oil and air. We vary n and d of the second layer
until the theoretically predicted two values of 64
(for oil and air) coincide with those measured
experimentally. Table 1 summarises the results.
The thickness and the refractive index of the
second layer, calculated in this way, are in agree-
ment with those given in Ref. [5].

4.2.2. Kinetics of second layer formation, with
known parameters for the first layer

Double-layer model treatment was attempted to
the experimental data for 4 in the time interval
from the 21st min to the end of the measurements.
We searched for the thickness and the refractive
index of the second layer, substituting with the
parameters of the first layer (determined at the
21st min). This procedure, however, led to rather
scattered values which could not be interpreted.
We suppose this is as a result of the undefined
boundary between the substrate and the diffuse
layer at the time of its formation. The deviations
in the thickness and in the refractive index corre-
late, so that nearly smooth curve is obtained for
the kinetics of the surface coverage (I'). The
values of I" for the second layer, obtained in such
a way, are very close to those found in Section
4.2.3 below.

4.2.3. Kinetics of formation of two layers with
constant thicknesses

To overcome the above mentioned difficulty,
we decided to consider two layers at fixed thick-
nesses: 1.8 nm for the first layer and 5.4 nm for
the second one (see Fig. 4 and Table 1). Then, a
numerical procedure was applied to solve for the
two unknown refractive indexes of the two sub-
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structure layers. We chose a model with initially
known thicknesses because it will give us the
possibility to check whether the refractive index of
the first layer changes with time, and in this way
to validate the suitability of the double layer
model. By assuming fixed thicknesses of the first
and second layer we actually consider a fictitious
‘empty’ structure. The determination of the two
refractive indexes (by minimisation procedure)
gives us how this structure is filled up with protein
as time passes. Thus, we shall be able to find how
much protein goes to the first thin layer, and how
much to the second thicker one, at each moment
of time.

The calculated refractive indexes, n, surface
concentrations, I', and volume densities, ¢, of the
two layers are given in Fig. 3. The dense inner
monolayer forms first and then keeps its parame-
ters constant with time (note the plateaux in the
curves a, b and ¢). The second loose layer starts to
develop almost immediately after the first one.
The first ‘inner’ layer is three to four times denser
than the submerged ‘outer’ one, and has approxi-
mately constant surface concentration (I"'=1.2
mg/m?), over the whole experimental time interval
after the initial formation. The total protein sur-
face concentration (I7(¢)) curves for the single and
double layer models are practically identical (see
Fig. 3d), which provides evidence for the self-con-
sistence of our treatment.

"Single layer"

Our results for the total protein adsorption
(surface concentration, I, in the final state, Fig.
3d), are quite close to the values given in Refs.
[3,4], measured by surface radioactivity and radio-
tracer method (2.6 and 2.2 mg/m?, respectively).
A limitation in the applicability of our model
could be brought about by the restricted validity
of the linear approximation for the dependence
n(c¢) — Eq. (3a), as it holds (and was experimen-
tally proven with bulk solutions) at low protein
concentrations, but is extrapolated to rather high
protein concentrations such as those in the dense
layer [3]. Still, our value for the volume concen-
tration in the second diffuse layer (c = 0.2 g/cm?®)
does not differ significantly from that reported in
Ref. [5] (0.26 g/cm?).

5. Conclusions

Ellipsometry was applied to monitor the B-ca-
sein adsorption in situ, at two different inter-
faces — air—water and xylene—water. It is
shown that the layer formation is not signifi-
cantly influenced by the type of the hydrophobic
phase. In both cases the adsorption starts
with saturation of the surface with a thin dense
layer, and continues further, forming a thicker
and looser second layer. The thicknesses of the
two layers are close to those obtained by neu-

"Double layer"

0il or Air

0il or Air

Water

"Outer" layer: n =i.366,‘ d

Water

Fig. 4. Sketches of the interfacial layer in the frames of the two models used to interpret the ellipsometric results.



100 S.C. Russev et al. / Colloids and Surfaces B: Biointerfaces 19 (2000) 89100

tron reflectivity studies (reported in the litera-
ture).

The additional information needed to solve
the inverse ellipsometric problem in the case of
a very thin layer can be gained by measure-
ments under two different media (oil and air).
This gives the opportunity to determine two un-
known layer parameters (e.g. the thickness and
the refractive index, if a single-layer model is
adopted). We calculate the values of the adsorp-
tion (I"), and the volume concentration of B-ca-
sein layers, using linear approximation for the
dependence of the refractive index on the con-
centration. The results for I” are in good agree-
ment with those measured by other authors, by
surface radioactivity methods.
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