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The morphology and size distribution of B-casein
nanoparticles adsorbed on mica and graphite were
determined using atomic force microscopy. The height of the
dried nanoparticles on graphite was about twice as smaller
as that on mica, and the cross-sectional profiles of particles
were different for these substrates. It is due to the hydrophobic
interaction of nanoparticles with the graphite surface.
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Interest in B-casein micelles stems from their potential as a delivery
vehicle for water-insoluble drugs.’* As a result of enzymatic
hydrolysis of B-casein, new polypeptide nanoparticles with different
sizes and different ability to interact with hydrophobic low-
molecular-weight substances can be obtained.® In experiments on
static light scattering,? the formation and subsequent degradation of
f-casein particles with a size of 10-200 nm were observed during
partial hydrolysis of B-casein by trypsin. In the course of hydrolysis,
the maximum concentration of nanoparticles was achieved at a low
degree of hydrolysis of peptide bonds (0.5-2%).*6." Since modified
[B-casein particles are polydisperse and the mechanism of their
formation and further hydrolysis may depend on their size, it is
important to study their size distribution in detail. Atomic force
microscopy (AFM) was chosen for this purpose,”® since it gave the
highest spatial resolution without additional staining, shading or
freezing,%1° and proved to be informative when studying the size
distribution and morphology of food proteins and their molecular
aggregates.’! However, to obtain an image, the particles under
examination must be attached to a smooth surface. The most
common substrates are mica and graphite. Their important
advantages are their ultra-low roughness and easy preparation of a
clean surface by cleavage. Mica is hydrophilic;2 in water, it acquires
a negative charge due to the leaching of potassium ions.13 Graphite
is considered a hydrophobic substrate since its contact angle with
water is about 90°.14 The aim of this work was to study the effect of
the substrate on the shape and size of native -casein micelles and
nanoparticles formed after their partial hydrolysis.

B-Casein micelles were adsorbed on mica and graphite before
and after their modification and then studied by AFM." The

T B-Casein (C6905, Sigma-Aldrich) was solubilized in 50 mm
phosphate buffer to reconstitute micelles. Hydrolysis of B-casein micelles
(10 ml, 3.0 g dm=3) was initiated by adding a trypsin solution (10 pl,
1 g dm3). Soybean trypsin inhibitor was used with a mass ratio of trypsin
to the inhibitor of 1 : 3 to terminate hydrolysis. In our experiment, the
concentration of B-casein significantly exceeds the critical micelle
concentration (0.5 g dm=3),25 which can contribute to the formation of
micelles in a wide range of sizes. Details of the preparation and hydrolysis
of micelles have been published recently.® Portions of the solution, taken
before and after hydrolysis, were diluted 10 times with Milli-Q water, and
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medium fraction of particles ranging in size from 30 to 100 nm
was analyzed. Too large and too small particles were excluded
from consideration. An increase in the dilution factor was required
to study nanoparticles less than 30 nm in size. A detailed analysis
of small nanoparticles was performed in a previous study.®

The representative images of -casein particles on mica and
graphite surfaces are shown in Figure 1. Axially symmetric
particles are visible on both surfaces. AFM images show no
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Figure 1 AFM images of B-casein particles on the surface of (a,b) mica
and (c,d) graphite (a,c) before and (b,d) after hydrolysis.

2.5 pl of samples were immediately applied to the freshly cleaved surface
of mica and graphite (HOPG with a mosaic angle of 0.8 + 0.2°). The
samples were left to dry under ambient conditions for one day. AFM
measurements were carried out in the air using a FemtoScan scanning
probe microscope (Advanced Technologies Center) in the tapping mode.
We used ScanSens cantilevers (ETALON series) with a resonant
frequency of 230 and 380 kHz and a tip radius of about 10 nm. To
minimize particle deformation, scanning was performed under the
mildest conditions making it possible to obtain a stable image. FemtoScan
Online software!® was used for image processing and analysis. Surface
cuts were made through the peaks of the nanoparticles at the angle of 45°
to the fast scanning axis. They were used to measure the height (h) and
width (d) of particles. The apparent contact angle (6) was calculated by
the height-width method using the following equation: 6 = 2arctg(2h/d).
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Table 1 Height (h), width (d), density (h/d) and apparent contact angle (6)
of the B-casein particles adsorbed on different substrates.?

Substrate h/nm d/nm h/d 0/°
Before hydrolysis

mica 11+5 49+ 13 0.21+0.07 45+ 13

graphite 6+3 53+ 19 0.10+0.04 239
After hydrolysis

mica 25+12 54 +14 0.45+0.14 82+18

graphite 12+5 71+14 0.16 + 0.06 35+12

@50 particles were measured in each group.

influence of the graphite cleavage steps on the micelle arrangement.
Therefore, the adsorption of the B-casein micelle was related to the
interaction with the basal plane of graphite. The same applies to
mica since the scan areas were selected without defects. The
results of particle size measurements are summarized in Table 1.
Particle size distribution before and after partial enzymatic
hydrolysis is shown in Figure 2. The average diameter of native
micelles on both substrates is about 50 nm. The height of micelles
on graphite is approximately half that on mica. The height-to-
diameter (h/d) ratio used to estimate the density of dried particles
is also smaller for micelles adsorbed on graphite.

For the particles on mica, it was previously shown that
enzymatic hydrolysis leads to an increase in the particle density
(h/d), probably due to the shrinkage of micelles in solution.® In
the case of graphite, we observed changes both in the density and
in the shape of the particles. If the shape of the native micelles is
close to a spherical cap on mica, then on graphite, the particles
have a high center and flattened edges. It can be assumed that the
disruption of micelles occurs due to the dominant hydrophobic
interaction of B-casein with graphite as a hydrophobic surface.’”
B-Casein micelles have a detergent-like micellar structure with a
hydrophobic core and a charged hydrophilic exterior.'> The
absence of covalent bonds between casein molecules in the
micelle core can lead to the exposure of its hydrophobic interior
to the substrate.'® An additional driving force for the binding of
B-casein to graphite may be n—n stacking interaction between
the top graphite layer and aromatic amino acids in the protein
molecule.1®2° For hydrolytically modified micelles, their shape
on graphite becomes closer to the spherical cap, as on mica,
which may indicate their greater stability.
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Figure 2 Particle size distribution of 3-casein particles adsorbed on mica
and graphite (a) before and (b) after partial hydrolysis.
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Figure 3 Schematic diagram of adsorption of a native micelle on mica and
graphite. ‘Hairs’ denote the negatively charged hydrophilic N-terminal parts
of B-casein molecules.

The contact angle, which in our approximation is a function
of h/d, is also smaller for graphite. This can be explained as
follows. In an aqueous solution, both the surface of mica and
micelles have negative charges, the latter due to the N-terminus
of the [-casein molecule. Electrostatic repulsion prevents
adsorption and ‘spreading’ of micelles over the surface. It can be
assumed that the contact of a micelle with mica is formed at the
final stage of drying the solution. Unlike mica, probably a
positive charge can be induced on the surface of conductive
graphite by an approaching micelle, which leads to an
electrostatic attraction between the micelle and graphite. The
micelle is anchored to the surface, and its rearrangement begins,
driven by hydrophobic interaction between graphite and the
highly hydrophobic C-region of pB-casein. The processes
described above are illustrated in Figure 3.

According to published data,'” the height of the B-casein
monolayer on a hydrophobic surface is about 3 nm. Taking into
account the shape and height of native micelles on graphite
(about 6 nm), it can be assumed that a bilayer film is formed in
the central part, and a monolayer film is formed at the edges after
the disruption of the native B-casein micelle.

In conclusion, it should be noted that the choice of substrate
is critical for AFM studies of structures such as micelles, in
which macromolecules are not covalently bound, since
interaction with the surface can cause significant distortion and
even destruction of the adsorbed particles. Although the particles
under investigation can vary in shape, AFM can be effectively
used to track the relative changes in particles during their
modification.
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