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Abstract 
Peptide nanoparticles are obtained by the controlled 

hydrolysis of β-casein by trypsin. The atomic force microscopy 
studies of the peptide nanoparticles dried on the surface of mica 

allowed us to estimate their sizes, density, and structural 
heterogeneity. These nanoparticles appeared to be approximately 
two times denser than the initial casein micelles. The results 
obtained are important for the design of new biocompatible and 
nontoxic macromolecular systems for transporting biologically 
active compounds. 
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Introduction 

Most of biologically active compounds are poorly soluble in 

water, and they are transported in vivo as complexes with 

macromolecules, nanoscale associates, and micelles [1]. 

Solubilization in micelles is one of the promising methods for 

the targeted delivery of hydrophobic drugs, which improves the 

efficiency of these compounds [2, 3]. Biocompatible nontoxic 

protein micelles can significantly increase the solubility of 

hydrophobic compounds. This is used to develop transport 

systems, in particular, on the basis of relatively cheap milk 

proteins, including amphiphilic β-casein (β-CN) [4]. 

In contrast to globular proteins, casein proteins (αs1-, αs2-, β- 

and κ-casein) do not have fixed three-dimensional tertiary 

structures; they have only secondary structures which 

predetermine a set of preferred conformational states of 

polypeptide chains. The structures and properties of casein 

proteins and their aggregates (micelles) in aqueous media are 

defined by a rheomorphic model [5]. According to this model, 

casein proteins are distributed over those conformational states 

making them highly hydrated. In turn, casein micelles are loose, 

so that the content of water in these micelles composes 2–3 g per 

1 g of protein [6]. 

Earlier we have studied the kinetics of hydrolysis 

(proteolysis) of β-casein by trypsin and the formation of 

nanoparticles which consisted of the products of enzymatic 

hydrolysis [7, 8]. This process was firstly demonstrated by static 

light scattering using the dissymmetry method (Debye method) 

for continuous recording of the nanoparticle concentrations and 

sizes in the range of 10–200 nm during proteolysis [8]. For this 

purpose, light scattering intensities I(45o) and I(135o) were 

measured directly in the reaction mixture for 2–3 h with the time 

resolution of 1–2 min [8, 9]. Since nanoparticles are firstly 

formed during proteolysis and then are degraded under action of 

the same enzyme, it is important to find the time interval when 

the maximum number of nanoparticles is formed. It was shown 

that the peptide nanoparticles obtained differ from the original 

casein micelles both in sizes and in the mode of interaction with 

low-molecular hydrophobic compounds [10]. However, to date 

there has been no detailed study of these nanoparticles by atomic 

force microscopy (AFM). 

AFM working principle is based on the interaction of a sharp 

needle with particles lying on the surface [11]. An important 

advantage of AFM is the possibility to study the shape, size and 

structural heterogeneity of particles at the molecular level [12]. 

In the microscopic studies of polymeric and biological objects, it 

is preferred to avoid additional staining, metal shading, or 

freezing of the samples for achieving high resolution. Often the 

images must be taken under ambient conditions, which is 

possible with AFM technique. AFM has been widely used to 

characterize the morphology of nanostructures formed by milk 

proteins [13]. 

The goal of the present work was to investigate the peptide 

nanoparticles obtained by controlled tryptic hydrolysis of β-

casein using AFM. The method in use implied termination of 

hydrolysis with a soybean trypsin inhibitor and application of a 

simple technique for preparing a sample on the mica surface via 

air drying. This sample preparation technique allows one to 

achieve the highest resolution in AFM studies [14]. 

Results and discussion 

The peptide nanoparticles were obtained by limited 

hydrolysis of peptide bonds in β-CN (disordered oligopeptide 

bearing 209 amino acid residues) by trypsin (EC 3.4.21.4) in 50 

mM phosphate buffer. This serine protease provides hydrolysis 
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of some peptide bonds Arg-X and Lys-X, wherein the amount of 

hydrolyzed bonds (degree of hydrolysis) may be varied by 

changing the hydrolysis time. The peptide nanoparticles, which 

differ from the original casein micelles, were obtained during the 

hydrolysis for 5–65 min, depending on the concentrations of the 

protein and proteolytic enzyme. The analysis of the resulting 

nanoparticles was performed by AFM using a FemtoScan 

microscope. All the samples taken from the reaction mixture 

were diluted 10 times, applied to the freshly cleaved mica 

surface and dried in air (all the samples were prepared under the 

same conditions). A visual comparison of the topographic 

images of the original micelles and the resulting nanoparticles 

reveals significant differences: the original micelles form a 

chaotic network (Fig. 1), while the modified ones represent 

separate axisymmetric particles with clearly defined edges and 

smooth surface (Fig. 2). 

 

 

Figure 1. Topographic images of the original particles (β-casein 

micelles). 

 

 

Figure 2. Topographic images of the particles obtained by proteolysis. 

To study the physicochemical properties of peptide 

nanoparticles, it is necessary to terminate proteolysis (inhibit the 

enzyme) to stabilize the particle size distribution, since further 

proteolysis leads to degradation of the particles. A comparison of 

the termination of hydrolysis was carried out using a low-

molecular inhibitor, phenylmethylsulfonyl fluoride (PMSF), and 

a high-molecular inhibitor, a soybean inhibitor of trypsin. The 

use of the soybean inhibitor (the mass ratio of the inhibitor to 

trypsin was 3:1) ensured that the hydrolysis was stopped and the 

particle distribution was unchanged according to AFM. The use 

of PMSF led to the redistribution of nanoparticles in size 

according to AFM. Therefore, we decided to carry out a detailed 

analysis of the surface and particle shape with the termination of 

proteolysis using the soybean inhibitor. 

The analyzed nanoparticles were categorized into the large 

nanoparticles with the diameter (D) of several hundred nm and 

the medium ones with the diameter of up to 100 nm. The 

analysis of the smaller particles (20–30 nm) required the use of 
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Figure 3. 3D-Images of the original (a) and large peptide particles 

obtained by proteolysis (b). 

another procedure for the dilution of the reaction mixture for 

sample preparation and is not considered in this paper. The 

profiles of the randomly chosen particles were analyzed by 

scanning along the lines indicated in Fig. 3a,b (large particles) 

and Fig. 4a,b (medium particles). The particle profiles in 

dimensionless coordinates x/D and y/H, where D is the diameter 

and H is the maximal height, turned out to differ for the initial 

micelles and the nanoparticles obtained by hydrolysis. For the 

initial micelles, the profiles have the forms (Fig. 5a,b) that differ 

from those of the modified ones (Fig. 6a,b). The latter profiles 

are more likely to be semicircular both for the large 

nanoparticles (Fig. 6a) and for the medium ones (Fig. 6b). 

An essential difference between the original and modified 

particles was detected in their densities, which were evaluated as 

the ratio of the heights of the dried particles to their diameters 

H/D (Table 1). For the modified particles, this parameter 

composed 0.36 ± 0.12 (large nanoparticles) and 0.67 ± 0.15 

(medium nanoparticles), and for the initial micelles 0.25 ± 0.10 

(large nanoparticles) and 0.27 ± 0.06 (medium nanoparticles). 

Thus, the modified particles were found to be denser, especially 

the medium ones which were approximately two times denser. 

These changes in H/D parameter for the dried nanoparticles can 

be illustrated by a simple scheme assuming that the hydrolysis 

leads to shrinkage of micelles in solution (Fig. 7). In fact, the 

proteolytic modification of casein micelles may include the 

 

 
a 
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Figure 4. 3D-Images of the original (a) and medium peptide particles 

obtained by proteolysis (b). 

 
a 

 
b 

Figure 5. Profiles of the original particles: large (a) and medium (b) 

ones. 

incorporation of hydrophobic peptides, the products of 

hydrolysis of the peptide chain. This process may also increase 

the micelle density. 
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Figure 6. Profiles of the peptide nanoparticles modified by proteolysis: 

large (a) and medium (b) ones. 

The formation of the denser axisymmetric particles is 

connected with the proteolytic action of trypsin: small micelles 

disappear with the formation of soluble peptides, small pieces 

are cleaved from the protruding parts of micelles and acquire 

more rounded shape. The rate of hydrolysis of Arg25-Ile26 

peptide bond, which determines the elimination of the N-

terminal fragment of β-CN, is several times higher than the rate 

of hydrolysis of the other trypsin-specific peptide bonds [7]. As 

a result of the loss of the charged N-terminal fragment, in which 

all the phosphoserine residues are concentrated, the rest of the β-

CN polypeptide chain, including the hydrophobic C-terminal 

fragment, is more actively involved in the interchain 

interactions. It also determines the incorporation of hydrophobic 

peptide fragments and whole casein molecules, which were not 

previously a part of the micelles, into modified micelles. Thus, 

the action of trypsin can result in the formation of denser 

particles. The AFM data presented here are in accordance with 

this point. 

Earlier we performed encapsulation of the biologically active 

compounds (BACs) into casein peptide nanoparticles in order to 

obtain water-soluble colloidal forms of BACs. β-Oxalylamino 

O-ethyl-N-aryl carbamates and N-ethyl-N'-arylureas, which 

represent a new class of chlorine-containing phytoactive 

compounds with potential growth-regulating activity of cereal 

crops, were used as BAC [10]. The highly sensitive coulometric 

method for chlorine determination was used to show that the 

nanoparticles contain the higher amount of chlorine-substituted 

alkyl carbamate than the original casein micelles [10]. 

The hydrolysis of β-CN by trypsin is a case in which the 

hydrolysis process is limited due to the large proportion of 

peptide bonds inside the nanoparticles that are hidden for the 

enzymatic attack (masked). The process of peptide bond 

demasking is important for the quantitative analysis of the 

kinetics of proteolysis for any enzyme–substrate pair [15]. The 

development of the quantitative method for analyzing 

nanoparticles from casein is also urgent for modeling the 

proteolysis and peptide bond demasking. 

 

Figure 7. Change in H/D parameter of β-casein nanoparticles modified 

by hydrolysis with trypsin. 

Table 1. Comparison of the original β-CN micelles with the 

nanoparticles obtained by tryptic hydrolysis 

Sample 
Particle 

size 
D (nm) H (nm) H/D 

Initial β-CN 

micelles 

Large 460 110 0.24 

370 150 0.41 

605 130 0.21 

340 90 0.26 

430 65 0.15 

  0.25±0.10 

Medium 49 10 0.20 

43 12 0.28 

67 23 0.34 

48 11 0.23 

67 21 0.31 

  0.27±0.06 

Nanoparticles 

obtained by the 

hydrolysis of β-

CN with trypsin 

Large 235 95 0.40 

400 93 0.23 

437 207 0.47 

370 172 0.46 

314 62 0.20 

408 170 0.42 

  0.36±0.12 

Medium 47 35 0.74 

54 44 0.81 

75 50 0.67 

46 21 0.46 

  0.67±0.15 

Experimental 

General remarks 

β-CN (C6905) from bovine milk and trypsin (T1426) from 

bovine pancreas of analytical grade treated with N-tosyl-L-

phenylalanine chloromethyl ketone (TPCK) were purchased 

from Sigma–Aldrich. TPCK was used to inhibit contaminating 

chymotrypsin activity without affecting trypsin activity. 

Phosphate buffer solution was prepared with doubly distilled 

water and kept at 4 °C before use. Trypsin solutions were freshly 

prepared by diluting freeze-dried trypsin in phosphate buffer. All 

other reagents of analytical grade were obtained from 

commercial sources. 
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Proteolysis reaction and formation of 

nanoparticles 

A typical proteolytic experiment leading to the formation of 

nanoparticles was as follows: the casein proteolysis with trypsin 

was carried out in 50 mM phosphate buffer at pH 7.9 under 

thermostatic conditions (37 °C) with magnetic stirring. 

Reconstitution of β-CN micelles was performed by 

solubilization of casein preparation in 50 mM phosphate buffer 

at 37 °C under slow stirring for at least 3 h. The hydrolysis of β-

casein micelles at the concentration of 3.0 g/L in the volume of 

10 mL was started by adding 10 μL of trypsin solution (1 g/L), 

and the reaction was terminated by adding the soybean trypsin 

inhibitor at the molar ratio of trypsin to inhibitor of 1:3 (w/w). 

To control the proteolysis, the degree of hydrolysis of peptide 

bonds (DH) in the samples taken from the reaction mixture was 

determined using OPA method [16]. This method is based on the 

reaction of o-phthalic aldehyde and 2-mercaptoethanol with 

amino groups formed during the hydrolysis of peptide bonds. 

OPA reagent was prepared by mixing 25 mL of 100 mM sodium 

tetrahydroborate, 2.5 mL of 20% SDS solution (w/w), 40 mg of 

o-phthalic aldehyde, and 100 μL of 2-mercaptoethanol. The final 

volume of OPA reagent was adjusted with distilled water to 50 

mL. To each sample (40 μL) taken at the time of hydrolysis t, 

OPA reagent (2 mL) was added, and the resulting mixture was 

shaken and left at room temperature for 5 min. Then, the 

absorbance at 340 nm was determined. Based on the obtained 

values of absorption, the concentrations of amino nitrogen and 

the values of DH were determined at any time t. The proteolysis 

was stopped by adding the soybean inhibitor when the desired 

DH value was achieved. 

Atomic force microscopy 

The analysis of the nanoparticles obtained by atomic force 

microscopy was performed using a FemtoScan microscope. The 

samples, taken from the reaction mixture, were diluted 10 times 

with water (Milli-Q). Immediately after this, the analyzed 

sample (2.5 μL) was applied to the freshly cleaved surface of 

mica and dried in air. The samples were examined under 

ambient conditions in tapping mode. The experiments were 

carried out using FS_SS_HR cantilevers (ScanSens, series 

ETALON) with resonant frequencies of about 230 and 380 kHz 

and probe radius of about 10 nm. The images with the sizes of 

4×4 µm2 and 1×1 µm2 were scanned to measure the sizes of the 

large and medium peptide particles, respectively. The AFM 

images were processed and analyzed using FemtoScan Online 

software [17]. To measure the diameter and height of the 

particles, the sections of the surface were constructed, passing 

through the point of maximum particle height and directed at the 

angle of 45° to the fast scanning axis. 

Conclusions 

The changes in the morphology of β-casein nanoparticles 

after tryptic hydrolysis were elucidated using atomic force 

microscopy. The resulting nanoparticles were found to be 

approximately two times denser than the initial casein micelles. 

These results are useful for analyzing the mechanism of 

proteolysis of heterogeneous protein substrates and are also 

important for the design of new biocompatible nontoxic systems 

for transporting biologically active compounds. 
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