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Gradual disintegration of protein lumps
contained in thin emulsion films:

Role of the surface

Abstract We study thin aqueous films
immersed in oil phase. The system is
stabilized by globular protein (BSA),
adsorbed on the liquid interfaces.
Reversible surface aggregation of
protein is observed. Big lumps remain
entrapped within the film, where they
are squashed by the pressing action of
the curved wrapping menisci. The
lumps gradually disintegrate and
finally disappear. We propose

a theoretical explanation of this
phenomenon. Molecular migration
by the mechanism of surface diffusion
is found to be responsible for
removing the material from the
aggregates. The latter shrink
isotropically (at least in a certain
range of sizes). The particle radius was
measured by interference microscopy,

diffusion

as a function of time. The data were
fitted with theoretical computations.
The partial differential equation of
non-stationary surface diffusion was
solved numerically, with boundary
condition imposed on the moving
circumference of the big protein
cluster. Very good agreement between
theory and experiment is obtained.
From the best fit we find one
parameter, whose value gives the
maximum adsorption along the rim
where the lump is attached to the
interface. The results suggest existence
of protein multilayers on the liquid
surface.
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Introduction

Here we present a theoretical explanation of the experi-
mentally observed phenomenon of progressive squashing
and disappearance of protein aggregates pressed between
the surfaces of thin liquid films. We have previously
studied aqueous films, sandwiched between styrene
phases, in the presence of bovine serum albumin (BSA) [1].
Reversible surface aggregation of the protein was dis-
covered: Films made in aged systems, more than about 30
min after loading of the two phases in the cell, comprised
large protein clusters. No aggregation in the bulk of the
solution was detected. Therefore, we could conclude that

the slow process of lump formation was promoted by the
conformational changes and partial denaturation of the
protein molecules on the interface [1].

The aggregation is seen to be reversible. The excess
material, entrapped in Newton black films of emulsion
type, is gradually squeezing out, and the particles are
destroyed. Finally, the whole film becomes uniformly thin
and black, as the lumps disappear. This process takes
a relatively short period of time — usually about 2-3 min.
A question can be raised about the kind of physical mecha-
nism which is responsible for removing the protein from
the clusters. Dissolution of molecules into the bulk aque-
ous phase that fills up the film interior should be ruled out:
the Newton black films virtually do not thin, and there is
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very little liquid (if any) between the two opposing inter-
facial layers of protein. Moreover, the process of protein
redispersion to the bulk is likely to be very slow. The
physical state of the molecules in the lump (partially de-
natured and entangled with their neighbours) is quite
different from that in the water solution.

In the present work we shall investigate the possibility
that the macromolecules migrate by surface diffusion, and
in this way they are removed from the big particles. It is
well known that proteins, similarly to lipids and low mo-
lecular weight surfactants, are involved in surface diffusion
on liquid boundaries [2]. The process was studied by the
method of fluorescent recovery after photobleaching
(FRAP), applied to thin foam films. Systems stabilized by
proteins [2-4] and phospholipids [5] were investigated.
The surface diffusion coefficient, D, was determined to be
about 1 x 10~ 7 cm?/s for BSA [2]. We shall use this value
in our analysis below. In the frames of a simple model, the
lateral distribution of the surface concentration of protein
will be calculated as a function of position and time, for
a lump whose size gradually diminishes. The time depend-
ence of the particle diameter will be computed and the
results will be compared with direct microscopic observa-
tions in thin emulsion films containing BSA.

Theoretical model

Let us consider the idealised geometry depicted in Fig. 1.
The protein lump is represented as a cylinder with radius
a and height H (functions of time). For the sake of simpli-
city, only one film surface, S, is shown. In reality, the
particles captured within a thin liquid film are subjected to
increased internal pressure, 4p, due to the squeezing action
of the curved wrapping menisci. Explicit calculation of Ap
will not be attempted here. Instead, we shall focus on the
changes in the adsorption.

When there is no film, the aggregates attached to the
interface would be resting in equilibrium with the sur-
rounding surface layer of protein. One can write the condi-
tion for equality of the chemical potentials:

#lump(Ta p) o ﬂgurf(T: p) ar leﬂ rO . (1)

The expression in the right-hand side of Eq. (1) represents
the surface chemical potential in the form used by Gur-
kov et al. [6], where I'y is the equilibrium adsorption.
Prump( T, p) refers to the cluster. When the latter is entrap-
ped in the film, local equilibrium is maintained between
the material inside the particle and the nearest points on
the interface, in close contact with the lump (ie., along
the circumference r =a in Fig. 1). The physical state
of the protein in the aggregate is very close to that on the
surface.
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Fig. 1 Simplified geometric model used for solution of the diffusion
problem. The cylindrical lump has radius a(f) and height H(t)

The counterpart of Eq. (1) for a pressed lump reads
Julump(T: p Az Ap) = #Eurf(Tﬁ p) oH lel'l Fbv (2)

at r = a. Here we have by definition I', = I'(r = a), and
this quantity will be supposed to remain constant during
the process of squashing of the cluster. Indeed, experi-
mental observations have shown that the particle shrinks
isotropically, its shape does not change with time. Hence,
Ap will stay more or less the same, at least for not very
small sizes.

The mass balance of protein at the interface, for r > a
(in cylindrical symmetry, see Fig. 1), is expressed by the
following equation [7] :
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where I' is the adsorption (number of molecules per unit
area). The respective boundary conditions are

I'(r=alt),t)y=T, =const., I'(r— o0,t) =TI =const,

@)
and the initial condition (at the moment of film formation)
is
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where aq denotes the initial value of the lump radius,
ap = a(t = 0).

Equation (3) implies absence of surface convection
(zero macroscopic velocity on the fluid boundary). Experi-
mentally, one does not notice any motion within the inter-
faces, and moreover, the films practically do not thin, so it
is legitimate to restrict our considerations to surface diffu-
sion only.

The main mathematical complication in this problem
arises from the fact that the first condition (4) is imposed
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on a moving circumference, a(t). We introduce new dimen-
sionless radial coordinate

O<ys<l. (6)

Then, Eq. (3) acquires the form
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where the dimensionless adsorption is
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Now, it is convenient to define
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Transforming Eq. (7), we finally arrive at the following
differential equation for the two unknown functions,
G(y, ©) and b(1):
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with the corresponding boundary and initial conditions:
G(y=179=1; G(y=0,1)=0; (11)
G(y,1=0=0 fory<l1
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(12)

A second equation, required for solution of this prob-
lem, can be derived from the mass balance at the rim of the
shrinking lump. There is a surface diffusion flux through
the circumference r = a: j, = — Dg(0I'/0r)|,=,. It carries
away the material from the particle, whose volume, V,
decreases

dv
— = —2x2navyj, =4nav,D—

: 1
dt dnile - (13)

Here v; represents the volume of one protein molecule.
The multiplier 2 in Eq. (13) accounts for the presence of
two film surfaces attached to the cluster, and two rims
through which molecules are leaving.

We can find a connection between dV/dt and da/dt,
using the experimentally established fact that the aggreg-
ates contract isotropically. Let us introduce a shape factor

H(t)

C =———'= const.

al(t) (14)

(Fig. 1). Then, simple geometric considerations yield

(15)

Combining Eqgs. (13) and (15), one obtains
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The system of two equations, (10) and (16), together with
the conditions (11), (12), represent the complete mathemat-
ical formulation of the problem.

Results and discussion

We performed numerical solution of the set of differential
equations (10), (16). Standard procedure was used, based
on an implicit scheme [8]. The spatial and time intervals
were discretised with increments Ay, At. The derivatives
with respect to y in Eq. (10) were expressed at the time
moment (t + At), with central differences of accuracy
(Ay)®. The resulting linear set of equations was solved
by Gauss—Jordan elimination with full pivoting [8]. For
the time derivatives we used forward finite differences. In
this way we computed the distribution of the adsorption
throughout the interface at any moment, G(y, 7), and the
lump radius as a function of time, b(z). In dimensionless
variables only one parameter, A, is needed for the calcu-
lation.

Our goal will be to compare the theoretical results with
experimentally measured size of diminishing protein
aggregates entrapped in emulsion films. For that purpose
we carried out microscopic observations in reflected
monochromatic light (wavelength 546 nm). The films were
formed in a glass capillary immersed into the oil. The
experimental method is described in details elsewhere
[1, 9]. The interference picture (see Fig. 2) was recorded by
videocamera, and the images were processed with the help
of Targa+ 16/32P grabbing board.

We investigated aqueous solution of 0.015wt%
lyophilised BSA (fatty acid free, purchased from Sigma), in
the presence of 0.15 M NaCl, at pH = 6.4. This value of pH
is reached when BSA is dissolved in water, without any
addition of acid or base. The oil phase was soybean oil,
preliminarily purified by passing it through a column
packed with chromatographic adsorbent (Florisil, see Ref.
[10] for details).

Figure 2 shows a Newton black film which contains big
protein lump. The latter gradually diminishes and finally
disappears. We measured the lump diameter, 2a, ac-
counted at the outer bright ring. Initially, just after forma-
tion of the film, the protein cluster contains some liquid. At
that stage the boundary between the aggregate and the
surrounding thin black film is not sharp, but is diffuse, and
the diameter cannot be determined with good precision.
For this reason, we do not start measuring a(t) from time
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Fig. 2 Interference picture of a Newton black film containing big protein aggregate (above); images of the shrinking lump in the upper part of
the film, at four consecutive time moments (below). The observation was carried out in reflected monochromatic light. Black and white zones
correspond to thicknesses in multiples of 1/(4n) (4 is the wavelength of the light, n is the refractive index of the aqueous phase). The reference

distance between the two vertical bars is equal to 50 um

zero (i.e., [rom the moment of film formation). Instead, we
begin at a later time, t*, when the solvent has already
drained from the lump. (t* is accounted from ¢ = 0; at the
moment ¢ = 0 the hypothetical initial adsorption distribu-
tion, Eq. (5), is assumed to hold.) If the lump had been
compact all the time, then at t = 0 there would have been
a = ag (but ay and ¢* are unknown quantities). The experi-
mental running time can be denoted by (t — t*); the first
measured point is a = a* at t = t*.

The height of the particle, H, is measured at its center,
using the conditions for interference and the intensity of
the reflected light. The shape factor, ¢ (Eq. (14)), remains
almost constant, which means that the protein cluster
contracts isotropically.

Figure 3 presents experimental data for the radius, a, as
a function of time, for three different lumps. We shall fit
these points with our theory. However, as discussed above,
the parameter a, i1s unknown and therefore, conversion to

dimensionless variables is impossible. In order to over-
come this difficulty, we developed the following procedure:
A portion of the experimental dependence (Fig. 3) is fitted
with a straight line. One writes

a=a*—u(t —t%), (17
where u is found from the slope. Switching over to the
variables b and t in Eq. (17) yields

i
st iy = et (18)

do D,
Next, arbitrary number is assigned to 4 (Eq. (16)), and the
computation is run, providing the whole curve b(t). This
theoretical curve also has a linear portion, whose slope
and intercept are determined. a, and t* are then calculated
according to Eq. (18), for the given A4 (with D, =
1 x 10~ 7 cm?/s, Ref. [2]). Using a, and t* we convert the
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Fig. 3 Experimentally
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computational results to physical variables and compare
with the experimental data. The procedure is repeated
iterating for A, until the best fit through the points is
finally achieved (Fig. 3). The values of 4, a, and t* for the
three particular aggregates are indicated on Fig. 3. Very
good agreement between theory and experiment is ob-
served. Actually, there is only one free parameter, A, to be
varied independently. Although a, and r* are also un-
known a priori, they are explicitly calculated for the re-
spective values of A at each step of the fitting procedure.

Thus, we can conclude that our simple model, which
accounts for the surface diffusion of protein molecules,
describes adequately the process of lump decomposition
in thin films. From Eq. (16) it is possible to estimate the
excess adsorption, I'y. The dimensions of one BSA molecule
are 4.16x4.16 x 1409 nm [11], so that the volume is v, =
243.84nm*. Let us take as an example the lump # 1 from
Fig. 3. We have ¢ = 0.033 +0.004 and 4 = 0.065. Then,
from Eq. (16) one deduces I'yn—1Io=6.02x10"%cm ™2
Measurements of protein adsorption on oil/water inter-
faces were carried out by other authors [12]. As an order
of magnitude, I'y is about 4mg/m? at bulk concentrations
close to 0.01 wt% [12]. This value of I', is equivalent to
3.62 x 10'? cm 2 (for the molecular weight of BSA we take
~ 66500 g/mol from literature data [13]). Hence, it turns
out that I'y & 2.6I;. In much the same way one obtains
I = 5, for the lumpi#2 sand It ~ 981 for #3
(Fig. 3). These results demonstrate that (i) BSA forms
multilayers on the liquid boundary (which is a well known

20 40 60 80 100 120 140 160

Time, t, seconds

fact [12]); (i) bigger aggregates are more compressed, and
consequently, the adsorption along the periphery, I}, ac-
quires higher values — cf. Fig. 3.

The calculation of I'(r, t) reveals that the disturbance
(I' — I'y) becomes more far-reaching (i.e., extends to larger
distances), as time goes by. This is in accord with the
expectations.

Conclusions

We propose a theoretical model which describes the pro-
cess of gradual decomposition of big protein aggregates
pressed between the two interfaces of a thin liquid film.
The molecular migration by the mechanism of surface
diffusion is found to be responsible for removing the ma-
terial from the lumps. The particle radius was measured
experimentally as a function of time. The data are fitted
with the theoretical computations, and very good agree-
ment is observed. In order to achieve the best fit we vary
one parameter, whose value gives the maximum adsorp-
tion (I',) along the rim where the lump is attached to the
interface. Bigger clusters are more compressed, which
leads to higher values of I'y. Protein multilayers form on
the liquid surface.

Acknowledgements This work was financially supported by Kraft
General Foods, Inc., and in part by the Bulgarian Ministry of
Education, Science and Technologies.

References

1. Marinova KG, Gurkov TD, Velev OD,
Ivanov IB, Campbell B, Borwankar RP
(1997) Colloids and Surfaces A 123-124:

155-167 2, pp 23-57

2. Clark DC (1995) In: Gaonkar AG (ed)
Characterization of Food: Emerging
Methods. Elsevier, Amsterdam, Chapter

3. Clark DC, Coke M, Mackie AR, Pinder
AC, Wilson DR (1990) J Colloid Inter-
face Sci 138:207



268

T.D. Gurkov et al.
Protein lumps in thin liquid films

. Coke M, Wilde PJ, Russell EJ, Clark DC

(1990) J Colloid Interface Sci 138:489

. Lalchev ZI, Wilde PJ, Clark DC (1994)

J Colloid Interface Sci 167:80-86

. Gurkov TD, Kralchevsky PA, Nagayama

K (1996) Colloid Polym Sci 274: 227-238

. Edwards DA, Brenner H, Wasan DT

(1991) Interfacial Transport Processes
and Rheology. Butterworth-Heine-
mann, Boston

8. Constantinides A (1987) Applied Nu-

merical Methods with Personal Com-
puters. McGraw-Hill, New York

9. Scheludko A, Exerowa D (1959) Kol-

loid-Zeitschrift 165:148-151

10. Gaonkar AG (1989) J Amer Oil Chem

Soc 66:1090-1092

ikl

12

113:

Brown JR, Shockley P (1982) In: Jost P,
Griffith OH (eds) Lipid—Protein Interac-
tions, Vol 1, Ch 2. Wiley, New York,
pp 25-68

Graham DE, Phillips MC (1979) J Col-
loid Interface Sci 70:415-426

Peters Th Jr (1985) Adv Protein Chem
37:161-245



