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INTRODUCTION

The study of physical processes that occur in pro�
tein solutions that contain heavy�metal ions, such as
lead and cesium, is necessary to understand the influ�
ence of pathogenic factors on biological objects. Auto�
mobile exhausts and industrial emissions contain
heavy metals at high concentrations, which exert not
only an external adverse effect on the human habitat,
but can also enter into the body with inhaled air and
deposit on human skin.

Collagen is a fibrillar protein that forms the basis of
body connective tissue, such as tendon, bone, carti�
lage, skin, and provides its strength and elasticity [1].
Currently, 28 various types of collagen have been
described. They differ from each other in their amino�
acid sequences and also by the modification degree,
i.e., the hydroxylation and glycosylation intensities.
The most abundant of them is type�I collagen, which
is the base of the skin of all living beings. In the present
work we studied type�I collagen obtained from calf
skin.

Proteins in aqueous solutions are prone to aggre�
gate depending on their physico�chemical state. This
process is often irreversible and can be a sign of some
serious disease in humans. Pathological changes in the
structure of collagen fibrils are the cause of several dis�
eases of the connective tissue and are characterized by

lesions of organs, namely, joints, heart, blood vessels,
muscles, and skin tissue.

Aggregation and other processes that occur with
protein macromolecules in solutions depend on the
nature of proteins, their concentration, type of sol�
vent, salts, metal ions, acids, bases, pH, temperature
and other factors.

It has been experimentally shown that the dynamic
parameters of globular (albumin and gamma�globu�
lin) and fibrillar (collagen) proteins do not change
when light metal (for example, sodium) ions are added
to their solutions [2]. When heavy�metal ions (for
example, lead, potassium, and cadmium) were added,
a decrease in the coefficient of translation diffusion of
molecules was observed, which is likely to be due to
the increasing masses of the diffusing particles. From
this we can conclude that the presence of heavy metals
“launches” the process of protein clustering in solu�
tion.

The properties of monomolecular layers of col�
lagen and a product of its denaturation, namely, gela�
tin were investigated, and the effects of trivalent metal
ions (Fe3+, Al3+, and Cr3+) on the behavior of the pro�
tein molecules in the monolayers was studied [3]. It
was shown that the layers of gelatin and collagen are
least expanded on substrates at pH values close to the
isoelectric point of the protein (pH 6.0 for collagen
and pH 4.8 for gelatin). It was found that introduction
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of Fe3+ ions in the aqueous substrate has a strong con�
densing effect on collagen and gelatin monolayers.
The authors attributed this effect to the formation of
two�dimensional complexes of macromolecules with
Fe3+ ions at the water–air interface. It was also found
that the Cr3+ ions have a lower condensing effect on
monolayers of collagen and gelatin and that Al3+ ions
affect only the gelatin properties.

The purpose of the present work was to study the
molecular�dynamic processes that occur in aqueous
solutions of type�I collagen at various changing
parameters of the medium (pH, protein concentra�
tion, and ionic strength), including the study of the
harmful effects of toxic metal ions (Pb2+ and Cs+)
using the method of dynamic light scattering.

1. THEORETICAL BASES OF THE METHOD
OF DYNAMIC LIGHT SCATTERING

The method of dynamic light scattering is used to
study the changes in the dynamic parameters of mole�
cules (for example, translational diffusion coefficient
or hydrodynamic radius of the particles). The method
studies the correlation function of the fluctuations of
the scattered light intensity caused by the Brownian
motion of the particles. For solutions of macromole�
cules, the correlation function c(t), which describes
molecular motion, can be associated with transla�
tional diffusion coefficient Dt:

(1)

The appropriate method for determining c(t) is called
the method of photon correlation. It is known that
there is a relationship between the function of the
spectral density of molecular motion S(ω) and c(t) in
the form:

(2)

The function S(ω) can be determined by the method
of light mixture [4]. During dynamic light scattering,
the radiation is detected at a constant angle (usually,
90°). The diffuse motion of the particles in solution
increases the fluctuations in the intensity of scattered
light at the micro�second time interval.

In the simplest case of an ideal translational diffu�
sion of small, compared with the 1/q value, non�inter�
acting identical spherical particles in solution, it can
be shown that the power spectrum of the photocurrent
is a Lorentz curve with the half�width Γ = q2Dt, and
the correlation function is an exponent with the relax�
ation time τrel = 1/Γ. Thus, the translation diffusion
coefficient Dt can be easily determined by the spec�
trum.

The characteristic relaxation time of the fluctua�
tions is proportional to the size of the particles. In the
case of a polydispersed solution, i.e., if it contains par�
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ticles of different sizes, the photocurrent spectrum is a
continuous set (integral) of the Lorentz curves with
different half�widths:

(3)

Therefore, to find the particle�size distribution (diffu�
sion coefficient) it is necessary to solve the inverse
spectral sum in the form of an integral equation with
the Lorentz kernel.

For polydisperse particles or particles with charac�
teristic dimensions comparable to the wavelength of
the original beam, the auto�correlation function is the
sum of the contributions of intensities of particles of
different sizes and different diffusion modes. In this
case, the interpretation of Dt is a rather difficult task.

The relationship between the static and dynamic
parameters of light scattering in solutions of macro�
molecules was considered in [5]. The concentration
dependence of translational diffusion coefficient Dt
can be represented by a virial decomposition in low
concentrations. According to this, the relationship
between coefficient Dt, molecular mass M, coefficient
of intermolecular interaction B, and intrinsic viscosity
of the protein solution [η] is determined by the equa�
tion:

(4)

Intrinsic viscosity [η] is the limiting viscosity value at
c  0. D0 is the translational diffusion coefficient
defined by the formula (3).

2. THE OBJECT OF STUDY

We used aqueous solutions of type�I collagen
obtained from calf skin (Sigma Aldrich, Germany)
with the addition of lead acetate Pb(CH3COO)2,
cesium chloride CsCl, and sodium chloride NaCl.

Collagen is the major structural protein of the
intercellular matrix. It comprises 25–33% of the total
protein in the human body and 6% of the body mass.
The name “collagen” unites a family of closely related
fibrillar proteins, which are the major protein compo�
nents of skin, bones, tendons, cartilage, blood vessels,
and teeth. In different tissues, different types of col�
lagen predominate, and this, in turn, is determined by
the role that collagen plays in a particular organ or tis�
sue. A total of 95% of the total collagen in the human
body is collagen of the I, II, and III types, which form
very strong fibrils. Type�I collagen type is part of the
skin, tendons, bones, cornea, placenta, arteries, liver,
and human dentin.

The collagen molecule is a right�handed helix
made up of three α�strands. Such a formation is
known as tropocollagen. One coil of α�helix contains
three amino�acid residues. Collagen molecules are not
connected “end to end,” between them a gap of 35–
40 nm occurs. Electron microscopy shows that the
collagen fibrils are composed of molecules that are
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displaced with respect to each other by about 67 nm (a
unit that is designated by the letter D and varies
depending on the state of substance hydratation). It is
considered that such a structure maximizes the resis�
tance of the aggregate to tensile loads [6].

The choice of the investigated metals was deter�
mined by their abundance in nature. Lead in large
amounts can be found in the environment and is
ingested with inhaled air or deposited on the skin.
Lead and its compounds are extremely toxic. When
entering in the body, lead accumulates in the bones
and causes their destruction. The maximum permissi�
ble concentration of lead compounds in air is
3.8 mg/m3, and that of lead acetate, which was used in
this study, 0.01 mg/m3 [7].

Cesium is related to the group of heavy metals.
Cs137 is a beta�gamma�emitting radioisotope, one of
the main components of the radioactive contamina�
tion of the biosphere. It is contained in radioactive
wastes and discharges of the plants that recycle wastes
from nuclear�power plants.

Sodium is an integral part of all human biological
fluids, such as blood, sweat, and lymph. In this regard,
it is useful to study the mechanism of interaction of the
collagen molecules with ions of heavy (lead and
cesium) and light (sodium) metals.

The investigations were carried out at different
ionic strengths of the solutions, i.e., at different con�
centrations of metal ions. The ionic strength of the
solution μ was calculated using the formula (5):

(5)

where ci is the molar concentration of the ion particle
and zi is the number of the elementary charges.

μ
1
2
�� zi
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3. EXPERIMENTAL APPARATUS

We used a Photocor�FC optical unit (Fig. 1) with a
diode laser (wavelength 647 nm and power 25 mV) [5,
3]. The measurements were carried out at 90°; the sig�
nal from the photomultiplier (Perkin Elmer) was ana�
lyzed using a software package [8]. Room temperature
(20°C) was kept in the cell with the test solution using
a thermostat integrated in the instrument.

4. RESULTS AND DISCUSSION

The nonlinear dependences of the translational�
diffusion coefficient Dt on pH with a maximum near
the protein’s isoelectric point (pH 6.0), which corre�
sponds to the minimum value of the surface charge of
the protein molecule, were obtained in the study of the
dynamic parameters of the collagen molecules in pure
solution and in solutions with additives of salts, such as
NaCl and CaSO4 [2]. In accordance with (5), the
translational diffusion coefficient Dt should decrease if
the protein’s intrinsic viscosity exceeds the product of
the molecule mass by the coefficient of intermolecular
interaction. Indeed, according to the literature [9], the
intrinsic viscosity of collagen (1150 cm3/g) is higher by
more than two orders of magnitude than the viscosity
of globular proteins, such as albumin (3.7 cm3/g).

In the present study, we obtained the pH�depen�
dences of the translational diffusion coefficient Dt for
collagen molecules in a pure aqueous solution (con�
centration of protein c = 0.05 mg/ml) and in solutions
with additives of lead acetate Pb(CH3COO)2, cesium
chloride CsCl, and sodium chloride NaCl (Figs. 2–5).

As can be seen from Fig. 2, in a pure aqueous solu�
tion of collagen the pH�dependence of translational
diffusion coefficient has a nonlinear form that is close
to parabolic with a maximum at the isoelectric point of
the protein pI 6.0 (Fig. 2, curve 1). When lead ions are
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Fig. 1. Scheme of the experimental apparatus. An optical bench (5) and precision turntable (10) are mounted on a rigid base plate
(6). A Diode laser (1) and the focusing optics (3) are fixed on the bench. The thermostat (7) and the sample�cell holder (8) are
coaxial with the turntable axis. The photon�counting system (14) is mounted on the rotating arm of turntable (11). The photon�
counting system consists of receiving optics (13) with interchangeable pinholes for selection of the aperture (12), a low�noise
photomultiplier that operates in a photon�counting mode, and a rapid amplifier�discriminator (15) with a through direct�current
tract and a special high�voltage power supply for PMT with no spurious correlations.
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added to the solution, the character of dependence
changes; a minimum now occurs near the isoelectric
point (Fig. 2, curves 2 and 3) in contrast to the pure
solution. This is likely to be due to the change of the
nature of the interactions of collagen molecules in
aqueous solution (from Coulomb to dipole–dipole
interactions) and to the formation of protein nano�
clusters [5].

Figure 2 shows that the minimum at the protein’s
isoelectric point becomes deeper with increasing ionic
strength. This indicates that the mass of the scattering
particles also increases with increasing concentration

of Pb2+ ions in solution, which is associated with an
increased clustering effect.

Similar relationships were obtained for aqueous
solutions of collagen with cesium salt (Fig. 3). Figure 3
shows that the pH�dependence of the translational
diffusion coefficient Dt of the collagen molecules in
aqueous solution containing Cs+ ions also has a non�
linear form with a minimum at the protein isoelectric
point and decreases with increasing concentration of
heavy�metal ions (Fig. 3, curves 2–4).

It was also found that the addition of sodium ions
in aqueous solutions of collagen containing heavy�
metal (Pb2+) ions results in a decrease in translational
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Fig. 2. The pH�dependence of the translation diffusion
coefficient Dt for collagen in (1) pure aqueous solution and

with the Pb(CH3COO)2 additives at (2) µ = 10–4 mol/l

and (3) µ = 10–3 mol/l.
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Fig. 3. The pH�dependence of the translation diffusion
coefficient Dt for collagen in (1) pure aqueous solution and

with the CsCl additives at (2) µ = 10–5 mol/l, (3) µ =
10⎯4 mol/l, and (4) µ = 10–3 mol/l.
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Fig. 4. The pH�dependence of the translation diffusion
coefficient Dt for collagen in (1) pure aqueous solution and

with additives of (2) Pb(CH3COO)2 µPb = 10–3 mol/l,
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Fig. 5. The pH�dependence of the translation diffusion
coefficient Dt for collagen in (1) pure aqueous solution and

with additives of (2) CsCl µCs = 10–3 mol/l, (3) CsCl

µCs = 10–3 mol/l and NaCl µNa = 10–3 mol/l.
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diffusion coefficient at the protein isoelectric point
(Fig. 4, curves 2 and 3). From this it can be concluded
that sodium ions enhance the effect of clustering of
molecules in an aqueous protein solution that contains
ions of the heavy metal Pb2+.

A similar effect was observed when NaCl was added
to an aqueous protein solution containing Cs+ ions
(Fig. 5, curves 2 and 3).

CONCLUSIONS

It was found that the addition of Pb(CH3COO)2
and CsCl to aqueous solutions of collagen results in a
decrease of the translation diffusion coefficient at the
protein’s isoelectric point (pI 6.0), which is associated
with the growth of the mass of scattering particles dur�
ing the formation of protein nanoclusters.

It was revealed that the minimum in the pH�
dependence of translational diffusion coefficient
becomes deeper with increasing concentrations of Cs+

and Pb2+ ions in aqueous solutions of collagen, which
is associated with an increase in the mass of scattering
particles.

It was found that the addition of Na+ ions to aque�
ous solutions of collagen containing Cs+ and Pb2+ ions
leads to a decrease of the translational diffusion coef�
ficient and to an enhancement of the clustering effect.

Thus, the effect produced by the heavy metals
results in a change in the molecular�dynamic parame�
ters of the collagen molecules in aqueous solutions,
i.e., a decrease in the translational diffusion coeffi�
cient and an increase of the linear dimensions of par�

ticles. The content of heavy metals in the environment
is rapidly increasing as a result of human activities;
therefore, the study of the effects of those harmful fac�
tors on the human body, including the mucous mem�
branes and skin, is of great practical importance for
medicine, ecology, and biophysics. Data, obtained
with the model protein solutions, makes possible the
determination of potential patological process in
human body, which occure because of adverse ecolog�
ical enviroment conditions.
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