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Abstract: The surface properties of aqueous dispersions of worm-like fibril aggregates of bovine
serum albumin (BSA) differ from those of the adsorption layers of the native protein. The dispersions
of BSA fibrils are characterized by slower changes of the surface tension and dynamic surface elasticity
and also have different steady-state values of the surface properties. The fourfold compression of the
adsorption layer of BSA fibrils leads to noticeably higher surface pressures than those of a compressed
layer of the native protein, indicating the formation of a more rigid layer structure in the former case.
The spreading of BSA fibrils onto a liquid surface from a concentrated dispersion reduces the effect of
surface-active admixtures on the layer properties. The dependencies of the dynamic surface elasticity
on surface pressure almost coincide for the spread layers of fibrils and the native protein in the range
of low surface pressures, but only the spreading of the native protein can lead to surface pressures
higher than 4 mN/m. This distinction is presumably caused by the formation of stable clusters of
BSA fibrils at the interface and their slow propagation along the liquid surface.

Keywords: bovine serum albumin fibrils; adsorbed layers; spread layers; surface dilational viscoelas-
ticity; atomic force microscopy

1. Introduction

The formation of amyloid fibrils in the human body can result in neurodegenerative
diseases such as Alzheimer’s, Parkinson’s disease, and type 2 diabetes [1-5]. At the same
time, some fibrils can play an important role in vital processes in bacteria, animals, and
humans. For example, they are responsible for the strength and elasticity of the spider
web and are formed in human melanosomes, accelerating melanin formation [6,7]. Due
to their unique properties, amyloid fibrils have recently found various applications in
biotechnology and can be used to produce drug delivery systems, photovoltaic cells,
photoluminescent tags, biosensors, and scaffolds for cell cultures [8-12].

A growing area of applications of protein fibrils is the stabilization of foams and emul-
sions [13-17]. Many proteins and their aggregates have a high surface activity [18-20] and
can be used to stabilize dispersion systems in pharmaceutical and food industries, where
the use of inorganic stabilizers is very limited. At the same time, while high concentrations
of native proteins are often required for these purposes, the application of fibrils reduces the
total protein concentration and thereby decreases the cost of the products. The information
on properties of the adsorption layers of protein fibrils is rather limited, and most publica-
tions are devoted to the layers of aggregates of three model proteins—beta-lactoglobulin
(BLG), ovalbumin, and lysozyme [18,19,21-24]. The adsorption and spread layers of fibrils
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of other proteins, for example, of bovine serum albumin (BSA), practically have not been
studied yet to the best of our knowledge.

BSA is a carrier of various substances in the circulatory blood system and is contained
in large quantities in blood plasma. The formation of nano- and microparticles on the
basis of this protein can find various applications in the pharmaceutical industry [25,26].
Similar to some other proteins, BSA is able to form curly worm-like aggregates that differ
from conventional fibrils not only in shape and size but also in their properties [27]. The
main distinguishing feature of such worm-like aggregates is not only a strong skeleton of
-sheets but also a large number of o-helices, which can prevent the formation of high-
order structures. Although many publications have appeared recently on the methods of
preparation, morphology, and bulk properties of BSA fibril dispersions, as far as we know,
there is no information on the surface properties of these systems [27-36]. The present
study is devoted to the determination of the properties of the layers of BSA fibrils at the
air-water interface.

2. Materials and Methods
2.1. Materials

A relatively concentrated solution (20 mM) of BSA (Sigma-Aldrich, Steinheim, Ger-
many, MW 66,000 kDa) in Tris-HCl buffer (pH 7.4) was purified by dialysis over four days
using a cellulose membrane (Sigma—-Aldrich, Steinheim, Germany). After the dialysis, the
solution was centrifuged at 15,500 g for 30 min and then filtered with the aim to remove
insoluble particles. After that, the protein solution was diluted to a final concentration of
about 2.5 wt.% with the TrisHCI buffer. The amyloid fibrils were prepared according to the
method of Holm et al. [27]. The BSA solution was incubated in a thermostat for 96 h at a
temperature of 70 °C without stirring. Finally, the obtained fibril dispersion was cooled fast
in ice water. The dispersion presumably contained not only fibrils but some non-reacted
proteins and peptides of low molecular weight and high surface activity [21,37,38]. The
purification of the fibril dispersion from by-products was carried out by centrifugation
for an hour (55,000 g) at a temperature of 4 °C. After that, the supernatant was carefully
removed, and the precipitate was dissolved in the TrisHCI buffer solution or water at pH 2
and placed in a refrigerator without shaking. A cloudy viscous homogeneous solution
was formed there in a few days using the two solvents. Note that a strong shaking of the
solution can lead to the destruction of the formed fibrils. Therefore, the preservation of the
fibril size was controlled by atomic force microscopy (AFM).

All the solutions were prepared in triply distilled water. A TrismaBase (Sigma—Aldrich)
buffer solution with a concentration of 20 mM was adjusted to the required pH using small
additions of HCI (Vecton, Russia). Sodium chloride (Vecton, Russia) was calcined for 8 h at
a temperature of 700 °C to remove organic impurities. The dispersions of a required fibril
concentration were prepared 24 h before the measurements in order to obtain a completely
homogeneous dispersion and stored in a refrigerator at 4 °C. The fibril concentration in the
dispersions was determined gravimetrically.

2.2. Methods

BSA fibrils were spread by a micro-syringe onto a cleaned surface of the subphase
using a glass plate. The cleaning of the liquid surface before the beginning of measurements
was carried out using a Pasteur pipette and a pump.

The dynamic surface elasticity was determined by the oscillating barrier method
using the ISR instrument (KSVNima, Helsinki, Finland) as described earlier [39,40]. The
measurements were carried out in a PTFE Langmuir trough of 7.5 cm wide and 0.5 cm
deep, equipped with two PTFE barriers located at a distance of 17 cm from each other. The
oscillations of the surface tension occurred as a result of a sinusoidal reciprocating motion
of the barriers with a frequency of 30 mHz and an amplitude of 2% and were measured by
the Wilhelmy plate method. The platinum plate was located in the middle of the trough
between the barriers and oriented parallel to them. The complex dynamic surface elasticity
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¢ was defined as the ratio of the complex amplitudes of oscillations of the surface tension y
and surface area A:

)
e = ere+em = Asy M

The imaginary part of the dynamic surface elasticity ep, did not exceed 5% of the real
part ege in all the measurements and is not presented below. The accuracy of measurements
of ere and the elasticity modulus ¢ is approximately +3%.

The shape of fibrils and the micromorphology of the fibril layers were determined by
AFM using a NTEGRA Spectra instrument (NT-MDT, Russia) in a semi-contact mode. A
drop of the dispersion was placed onto the surface of a freshly cleaned mica plate, dried for
a few days, and the surface was scanned after that to determine the fibril shape and size.
The morphology of the layer was evaluated after its transfer from the liquid surface onto a
mica plate by the Langmuir-Schaeffer method.

The macromorphology of fibril layers on the liquid surface was determined in situ by
Brewster angle microscopy using a BAM1 instrument (Nanofilm Technology, Geottingen,
Germany).

All the measurements of surface properties were carried out at a temperature of 23 °C.

3. Results and Discussions

Figure 1 shows the AFM images of BSA fibrils for dispersions in water before and after
centrifugation. Similar AFM images were obtained for dispersions in the TrisHCl buffer
(Figure S1). Note that TrisHCI contaminates the fibril layer on the mica surface, resulting in
less informative images.

\
6.5 nm
8.5 nm

(b)

Figure 1. AFM images of BSA fibrils before (a) and after (b) purification.

One can see a large number of curly worm-like BSA fibrils similar to the fibrils obtained
by Holm et al. [27]. These aggregates differ significantly from the fibrils of BLG and
lysozyme [21], and thereby, it is possible to expect different properties of their dispersions.
In addition to the fibrils, there are also a large number of small aggregates in Figure 1a. The
purification by centrifugation decreases the number of these aggregates (Figure 1b) and
also the concentration of impurities of high surface activity, as shown below.

Figure 2 shows the kinetic dependences of surface tension and dynamic surface elas-
ticity of fibril dispersions (before and after purification) and native BSA solutions with a
concentration of 0.015 g/L in 0.1 M NaCl at pH 5.5. The dispersions of fibrils after purifi-
cation are characterized by an induction period of about one hour, after which the surface
tension slowly drops to 61.5 mN/m, and the dynamic surface elasticity increases up to
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44 mN/m. Moreover, the steady-state surface elasticity is reached faster than the steady-
state surface tension. The changes of the surface properties are faster for dispersions of
unpurified fibrils, presumably due to the impurities of high surface activity. The deceleration
of these changes after purification indicates an effective purification procedure.
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Figure 2. Kinetic dependences of the surface tension (triangles) and dynamic surface elasticity
(squares) of native BSA solutions (red filled symbols), dispersions of unpurified BSA fibrils (blue
symbols with a dash), and of purified BSA fibrils (black empty symbols). The protein concentration
in 0.1 M NaCl is 0.015 g/L. The arrows relate the data to the corresponding axes.

The kinetic dependences of the surface properties of native protein solutions at a
concentration of 0.015 g/L do not show an induction period and are similar to previous
results [41]. The steady-state values of the surface properties are reached within approxi-
mately 30 min after surface formation. The slower changes in the surface properties of the
dispersions of BSA fibril aggregates can be associated with larger kinetic units in this case
and, consequently, with a decrease in the diffusion coefficient.

The steady-state values of the surface properties of native BSA solutions and fibril
dispersions do not coincide, and the observed differences are beyond experimental errors
(1 and 3%, respectively).

At the same time, the dependences of the dynamic surface elasticity on surface pressure
almost coincide with a wide range of surface pressures (Figure 3). When the surface pressure
of fibril dispersions reaches about 12 mN/m, the surface properties almost do not change
after that, while in the case of native BSA solutions, the surface pressure increases up to
17 mN/m. The spontaneous adsorption can result in higher surface pressures for native
protein molecules than for fibrils due to the peculiarities of the layer structures.
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Figure 3. Dependences of the dynamic surface elasticity on surface pressure of native BSA solutions
(red filled squares), dispersions of unpurified fibrils (blue squares with a dash), and purified fibrils
(black empty squares).

Fourfold compression of the adsorption layers of the native protein and its fibril
aggregates at a rate of 5 mm/min leads to different surface pressure isotherms. Although
the results in Figure 4 depend in both cases on the compression rate, the obtained dynamic
data presumably indicate the formation of a relatively rigid fibril network at the water
surface under compression. At the same time, the native protein molecules can go easier to
the subphase, thereby leading to lower surface pressures.
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Figure 4. Compression isotherms of the adsorption layers of native BSA (red circles) and fibrils (black
triangles). The concentration of native BSA and BSA fibrils is 0.015 g/1. Ap—the initial surface area
(A—is the area between barriers at the given moment, cf. Equation (1)).
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The AFM images of adsorption layers of BSA fibril aggregates on the surface of a
0.1 M sodium chloride solution, which were transferred onto the mica surface, are shown
in Figure 5. The images of the layers in 12 h after the surface formation before surface
compression can be approximately divided into two groups (Figure 5a,b). In the first case,
one can observe a dense layer with a large number of intertwined fibrils (Figure 5a), while
in the second case (Figure 5b), there are separate branched clusters of fibril aggregates.
The two types of AFM images have also been observed earlier for adsorption layers of
lysozyme fibrils [21]. The fourfold surface compression leads to a thicker and denser layer
without a great number of large aggregates (Figure 5c).

45 nm
35 nm

60 nm

Figure 5. AFM images of the adsorption layers of BSA fibrils transferred from the surface of a 0.1 M
NaCl aqueous solution onto the mica surface: (a,b) before compression at the surface pressure of
10 mN/m; (c) after fourfold compression at a surface pressure of 38 mN/m.

The kinetic dependencies of the surface properties of BSA fibril dispersions depend
strongly on the solution’s ionic strength (Figure 6). The rate of change of the surface
properties increases with the ionic strength at the approach to steady-state values due
to a decrease in the electrostatic adsorption barrier. The strong influence of the increase
of the ionic strength on surface properties can also be connected with a decrease in the
sub-microbubble concentration in the surface layer [42].



Colloids Interfaces 2023, 7, 59

7 of 12

~
o

A70_ vvvvvvvvvvvvvvvv A
E - 60 g
~~ 60 Z
% 50 I é

N ]
.0—0 o—ot =
g o0 E,E’E/E—E 440 .2
. 40 /  gBB-8- g

d & —>» 430
8 30- £ S
2 )
. ﬁ 120 8
g S
i =
a o 10 =
7
0

77— 1T 1 — 1 — 1 0
0 50 100 150 200 250 300 350 400 450

time (min)

Figure 6. Kinetic dependences of the surface tension (triangles) and dynamic surface elasticity
(squares) of the dispersions of BSA fibrils in water (red filled symbols), in a TrisHCI buffer (blue
symbols with a dash), and 0.1 M NaCl (black empty symbols). The arrows relate the data to the
corresponding axes.

The influence of impurities on the properties of spread layers is less than on the prop-
erties of the adsorption layers [21]. In adsorption layers, the local impurity concentration is
relatively high due to its higher surface activity, while in spread layers, the concentrations
of impurities and fibrils almost coincide with the values in the bulk phase, and thereby, the
impurity concentration is much lower than in the former case.

The surface pressure increases to 4 mN/m and the surface elasticity up to 38 mN/m if
the fibril dispersion with a concentration of 0.4 g/L is spread drop by drop onto the surface
of a 0.1 M aqueous NaCl solution (Figure 7). The further addition of the dispersion does not
lead to noticeable changes in the surface properties. Therefore, the fibril spreading along
the surface leads to lower surface pressures than the adsorption from the fibril dispersion
(Figure 3). This distinction may be due to the strong influence of impurities in the case
of adsorption and/or due to the formation of dense and stable clusters of fibrils in the
region where the dispersion drops touch the surface. A similar effect of the formation of
stable clusters of lysozyme microgel particles at the interface was observed in the case of
spreading their dispersion onto the water surface [43].

Further changes in the surface concentration of fibrils in spread layers were carried out
by stepwise layer compressions. At relatively high surface concentrations, the compression
of the layer led to a noticeable increase in the surface pressure with slow changes in the
dynamic surface elasticity (Figure 7). Only at surface pressures above 18 mN/m can one
see a sharp increase in the surface elasticity. In this case, when the compression stopped,
the surface pressure dropped much stronger than in the range of lower surface pressures
(<18 mN/m, Figure S2). Note that the successive compressions of the native protein layers
led only to a slight increase of the surface properties with a much weaker relaxation when
the compression was stopped.
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Figure 7. Dependencies of the dynamic surface elasticity on surface pressure for spread layers of
native BSA (red filled squares) and BSA fibrils, which were obtained by sequential additions of small
portions of the dispersion (black empty squares) and by compression of a spread layer (blue squares
with a dash). Circles mark the surface properties corresponding to the transfer of the layer onto a
mica plate.

The results for spread layers of BSA fibrils give a possibility to trace the changes in the
layer structure. When the dispersion is spread onto the liquid surface, the AFM shows that
the fibril layer has a large number of holes (Figure 8a,b). It is characterized by relatively
low surface pressures, 0-4 mN/m, and a noticeable surface elasticity of up to ~38 mN/m.
The further addition of fibrils at surface pressures of about 4 mN/m does not lead to their
noticeable spreading along the surface. The subsequent layer compression increases the
surface pressure due to the increase of the surface concentration of hydrophobic groups
but leads only to a slight increase of the surface elasticity, indicating the preservation of a
relatively loose layer structure with some holes. When the surface pressure reaches about
18 mN/m, the holes almost disappear (Figure 8c,d), the layer structure becomes more
rigid, and the elasticity starts to increase abruptly. At the fourfold compression, the AFM
images show a dense layer of fibrils without holes but with some folds (Figure 8e,f), and the
dynamic surface elasticity reaches high values (~90 mN/m). When the surface is expanded,
the holes appear again, leading to a decrease of the surface pressure and the dynamic
surface elasticity (Figures S2 and S3a,b).

The BAM images do not show noticeable changes in the macroscopic morphology
of the layer, which preserves its homogeneity upon compression (Figure S4a,b). A slight
disturbance of the surface by a thin rod leads to a hardly noticeable trail, but it disap-
pears completely within a few minutes, indicating a liquid-like nature of the fibril layer
(Figure S4c,d).
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Figure 8. AFM images of spread layers of BSA fibrils at different degrees of surface compression:
(a,b) before compression (surface pressure 4 mN/m); (c,d) twofold compression (surface pressure

22 mN/m); (e f) fourfold compression (surface pressure 24 mN/m).

4. Conclusions

BSA fibrils form an almost continuous layer on the water surface, which cannot be
destroyed by strong compressions and subsequent expansions. The layer is liquid-like and
similar to that of the native protein but becomes more rigid upon surface compression.
Unlike solutions of the native protein, the dispersions of BSA fibrils are characterized
by an induction period of the kinetic dependencies of the dynamic surface elasticity and
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surface tension and of slower changes of the surface properties as a result of significantly
larger sizes of the fibrils as compared to the native protein molecules. The admixtures of
polypeptides, which are formed during the fibril preparation and characterized by high
surface activity, influence the surface properties of the fibril dispersions. The purification of
the fibril dispersions leads to slower changes in the surface properties than for unpurified
systems. The increase of the solution’s ionic strength strongly accelerates the changes in the
surface properties of dispersions of BSA fibrils, similar to lysozyme fibril dispersions [21],
indicating a strong influence of electrostatic interactions in the layers of BSA fibrils. The
properties of the spread layers of BSA fibrils differ from those of the fibril adsorption layers.
This distinction can be caused by a slow propagation of the fibrils along the interface after
spreading onto the liquid surface.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/colloids7030059/s1, Figure S1: AFM-image of a droplet
of fibril dispersions after dilution by 200 times in the TrisHCI buffer solution after purification;
Figure S2: Compression—expansion isotherms of a spread layer of fibril dispersion on an aque-
ous solution of 0.1 M NaCl. Circles mark the places where the layer was transferred onto a mica
plate; Figure S3: AFM images of spread layers of BSA fibrils transferred from the surface of a 0.1 M
NaCl aqueous solution onto mica plates at the surface expansion to surface pressure of 10 mN/m;
Figure S4: BAM-images of spread layers of BSA fibrils on the surface of 0.1 M NaCl aqueous solution at
different degrees of surface compression-expansion: (a) before compression; (b) twofold compression;
(c) twofold expansion after an external mechanical disturbance; (d) in ten minutes after the distur-
bance. Image size is 1 x 0.82 mm.
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