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Abstract—Pendant drop and bubble shape methods are employed to study the tensiometric and rheological
parameters of blood serum and plasma in 45 patients 49—70 years old subjected to surgical operations under
the conditions of artificial circulation because of ischemic heart disease (first group) and heart valve pathol-
ogy (second group). Blood sampling is performed 1 h before and 12 h after (the first day) the operation, as
well as on the 7th postoperative day. Statistically significant changes in the surface tension and viscoelasticity
modulus are observed on the 1st day after the operation in both groups, thereby indicating a substantial
increase in the content of surfactants in the blood serum. On the seventh day of the postoperative period, a
positive dynamics is observed; however, the studied rheological parameters—in particular, viscoelasticity
modulus E—at frequencies of 0.1 and 0.01 Hz statistically reliably exceed their preoperative level and do not
reach the values characteristic of healthy people. Thus, the pathological deviations of biochemical parameters
(contents of glucose, urea, creatinine, albumin, and lipoproteins) that affect blood viscosity are accompanied
by substantial changes in the surface tension and dilatational viscoelasticity of blood serum. However, the
examined biochemical markers are not dominating predictors for changes in the rheological and tensiometric

properties of blood.
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INTRODUCTION

The main pathogenic factors of thrombogenesis
(disruptions of vascular walls, activation of blood clot-
ting, and deceleration of bloodstream) are regularly
revised; as a result, the notions of the specific mecha-
nisms for each of them are refined [1—7]. The timely
diagnosis of patients with ischemic heart disease
(IHD) reduces the number of unfavorable pathologic
processes, in particular, atherosclerotic injury to great
vessels, which is relevant to the manifestations of mul-
tifocal atherosclerosis. A high level of proatherogenic
lipids that exhibit surface-active properties is observed
in the blood serum of many such patients [6]. It should
be noted that the number of works devoted to studying
the interfacial (adsorption and rheological) character-
istics of blood serum and plasma at different patholo-
gies [8—12] is increasing. The history of studying the
surface tension of blood and other biological fluids in
the last 100 years and the main methods used for these
purposes have been described in monograph [9]. The
authors of review [12] have reported data obtained at
Gorky Donetsk National Medical University for
25 years by tensiometry and surface rheometry on bio-
logical fluids of patients with several tens of different
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diseases. Let us present a few examples. The values of
the dynamic and equilibrium surface tensions of blood
decrease by 5—10 mN/m in oncological, rheumato-
logical, neurological, and some other diseases. On the
contrary, the surface tension of blood increases in dia-
betic neuropathy and scleroderma. The viscoelasticity
modulus of blood strongly changes in some diseases; it
doubles in glomerulonephritis and renal insufficiency,
but decreases in gout.

Various methods, such as the Du Nouy ring
detachment, pendant drop, bubble shape, and maxi-
mum bubble pressure methods, have been employed
to study biological fluids. It has been found that the
two latter methods are the best. They enable one to
measure the surface tension within a time period of
0.01—10000 s and determine its dynamic and equilib-
rium values, as well as the viscoelasticity modulus and
phase angle. It is of great importance that a small
amount of biological fluid (no more than 5 mL) is
required to realize these methods. Blood contains var-
ious surfactants, such as albumins, globulins, fibrino-
gen, creatinine, creatine, glucosamine, pentoses, lip-
ids, triacylglycerols, phospholipids, phosphatidylcho-
line, and several tens of others. More than ten types of
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surface active acids (citric, succinic, uric, lactic, ace-
toacetic, and other acids) are present in blood. Dis-
eases affect the chemical composition of biological
fluids, including the concentrations of the aforemen-
tioned surfactants. Total chemical analysis of blood is
a complex and expensive procedure, while the mea-
surements of the surface tension and dilatational vis-
coelasticity are relatively simple and accessible meth-
ods for obtaining integral characteristics of blood and
other biological fluids.

In this work, we studied the surface tension and dil-
atational rheology of blood serum and plasma in IHD
with valvular defects. Substantial changes have been
observed in the surface tension and viscoelasticity
modulus of patient’s blood serum and plasma.

EXPERIMENTAL

Surface tension 7y and dilatational viscoelasticity
were studied by the pendant drop and bubble shape
methods using PAT-1 and PAT-2 tensiometers
(SINTERFACE Technologies, Germany). The pro-
cedures are described in detail elsewhere [13]. A drop
of blood serum or plasma was formed at a vertical cap-
illary with internal and external diameters of 1 and
3 mm, respectively. The edge of the capillary had an
internal diameter of 2.96 mm; i.e., the capillary walls
were rather thin, so as to exclude the influence of the
contact angle on the shape and size of the drop. The
drop surface area was automatically kept constant
during the experiment within a range of 34—36 mm? at
any value of y. The volume of the formed drop was
equal to 24—25 mm? and decreased during adsorption
because of a reduction in Y and a variation in the drop
shape. The dilatational rheology of blood serum was
experimentally studied after equilibration, which
required 2000—2500 s from the moment of drop for-
mation (see below).

Dilatational modulus E characterizes the viscoelas-
tic properties of the surface (interfacial) layers. Modu-
lus E'is determined as the ratio of a change in solution
surface tension 7y to relative change in surface area A4:

__dy
din A

The experiments were performed in the mode of
harmonic oscillations of the drop surface area with an
amplitude of 8% and a frequency of 0.5—0.005 Hz.
The error in the determination of the surface tension
with the PAT-2 and PAT-1 instruments was
0.1 mN/m. The error in the determination of the vis-
coelasticity modulus was several times larger and
amounted to nearly 0.6 mN/m. When measuring the
rheological parameters with the PAT tensiometers, the
oscillation frequency and amplitude, as well as the
number of cycles, were preset. The rheological param-
eters were calculated with the help of the software sup-

(1)

plied with the PAT-2 instrument using the Fourier
transformation and the model described in [14].

Dilatational modulus F is a complex parameter,
which comprises real and imaginary components [15,
16]:

E = E, +E, )

Real E, and imaginary £; components of dynamic sur-
face elasticity £ make it possible to determine the
absolute value of this parameter and phase angle ¢:

|E|=VE! + E}, ¢=arctan(E,/E,). (3)

Here, |E | is viscoelasticity modulus and ¢ is the phase
angle between the maxima of variations in the surface
area (deformation) and surface tension.

Note that the results obtained by the pendant drop
shape method may differ from those obtained for a
planar liquid surface. For a planar surface on which a
surfactant is adsorbed by the diffusion mechanism, the
components of the modulus are determined by the fol-
lowing equations [15, 16]:

EI'((D): 0 1+C 2

1420+ 2C @)
E(0) = E—>—.

1420+ 2C

Parameter { = \/op / 2m comprises angular frequency
(0 and diffusion relaxation frequency

op (¢) = D(dT/ de)”. The value of
Ey(c) =—dy/dInT is the limiting elasticity, while
parameters ¢, I', and D are the volume concentration,

adsorption value, and diffusion coefficient, respec-
tively. Equations (4) may be written in another form:

|E| = B0+ 2 +203 ", ¢ =arctan[C/A+0)]. (5)

Joos has derived the following equation for the case of
adsorption from the bulk of a spherical drop with
radius R on its surface [17]:

E(w) = D o £y
1+ ——=—=(nRcoth(nR) -1
ideF[ (nR) 1] (6)
D de !
=F {1—1—— nRcoth(nR —1} s
1= 22 nReoth (nR) - 1

where n® =i 0)/ D. It should be noted that, for the used
values of the drop volume and oscillation frequency,
the results of the calculations by Eq. (6) are lower than
those obtained by Egs. (5) at the same parameters for
a planar surface by only a few percent.

Seventeen healthy people 5—75 years of age (aver-
age age of 61 years) were examined. They composed a
blank group. In addition, 45 patients 49—70 years of
age (average age of 62 years) were examined. They
were divided into two groups containing 18 and

COLLOID JOURNAL  Vol. 82

No. 1 2020



SURFACE TENSION AND DILATATIONAL RHEOLOGY OF BLOOD

27 people. The patents of the first group were sub-
jected to prosthetics of the mitral and aortic valves.
The patients of the second group were subjected to
coronary artery bypass grafting (two to five bypasses).
All operations were performed under the conditions of
artificial circulation. Blood of all patients was sampled
1 h before the operations and 12 h after the operations
(the first day), as well as on the seventh day of the
postoperative period.

Statistical data processing was carried out using the
Microsoft Excel and Statistica programs. The mean
values, errors of mean, and Student’s 7-tests were cal-
culated, and significance level p was estimated accord-
ing to Student.

RESULTS AND DISCUSSION

Figure 1 shows the dynamic surface tension curves
for blood serum of (/) a healthy volunteer and (2) a
patient with IHD. It is seen that the curve for the
patient lies substantially lower and the equilibrium val-
ues of y are reached over 1500—2000 s. Therefore,
oscillations of the drop surface area were initiated in
the rheological experiments at times longer than
2000 s.

Table 1 presents the results of examining blood
serum and plasma of patents from the two aforemen-
tioned groups before the operations. The six following
parameters are shown: dynamic surface tension at an
adsorption time of 100 s, equilibrium surface tension
(adsorption time of 2500 s), viscoelasticity moduli |E]
at oscillation frequencies of 0.1 and 0.01 Hz, and phase
angles ¢ at these frequencies. The aforementioned ten-
siometric and rheological parameters are most infor-
mative [9—12]. The values of the surface tension at
times of 0.01 and 1 s were determined by the maximum
bubble pressure method using an MPT or BPA tensi-
ometer.

It follows from Table 1 that these parameters for the
two groups of patients are almost identical. For serum,
the moduli are somewhat different at frequencies of
0.1 and 0.01 Hz, while the phase angles differ at
0.01 Hz. For plasma, the phase angle has different val-
ues at the frequency of 0.01 Hz.

A substantial difference in the values of the
dynamic and equilibrium surface tensions for serum
and plasma should be noted: they are substantially
higher for plasma. That is, the content of surfactants in
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Fig. 1. Dynamic surface tension of the blood serum of (/) a
healthy person and (2) a patient with IHD.

plasma is lower than that in serum. At the same time,
the viscoelasticity moduli at the considered frequen-
cies are markedly higher for plasma in both groups of
patients, while the phase angle at 0.01 Hz is higher for
the first group. The latter finding suggests a high value
of the imaginary component of viscoelasticity, i.e., a
high surface viscosity.

Table 2 shows the results of the tensiometric and
rheological examinations of serum in healthy people
and the patients of the first group before and after the
operations. The same six parameters as those in
Table 1 are presented. If the difference in a parameter
for patients and healthy people is statistically reliable,
the value of Student’s p coefficient is presented in
addition to the mean value and the error of mean of
the parameter.

As follows from Table 2, almost all parameters of
patients' serum (with the exception of ¢ at 0.1 Hz) reli-
ably differ from the corresponding parameters of the
serum of healthy people.

Table 3 presents the corresponding data on sera of
patients from the second group. It is seen that, for the
patients of the second group, almost all parameters
(with the exception of viscoelasticity moduli at 0.1 and
0.01 Hz) also reliably differ from those for healthy
people. A very strong change is seen in the values of y
for patients of the first and second groups. Both
dynamic (at 100 s) and equilibrium surface tensions of
serum for patients are lower than those for healthy

Table 1. Parameters of serum and plasma for patients of the first and second groups before operations

Parameter |y (100 s), mN/m| Yoo, mN/m | E (0.1 Hz), mN/m|E (0.01 Hz), mN/m|¢ (0.1 Hz), deg|¢ (0.01 Hz), deg
Serum, group 1 43.6 £0.3 38.4+0.4 30+0.8 172+ 0.5 20.6 £ 0.6 30.2+£0.6
Serum, group 2 | 43.85%0.3 39.3+0.4 28.4 £2.0 14.0 £ 0.9 19.3+0.7 28.1£0.9
Plasma, group 1 57 £0.5 4544 £ 0.1 45.6 £ 1.6 23.72 £ 1.1 20.48 £ 0.6 39.31 £1
Plasma, group 2 56.8 £ 0.7 45.5+0.1 459+ 1.8 2237+ 1.3 20.5+0.5 36.3+ 1.2
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Table 2. Comparison between blood serum parameters of the patients of the first group and healthy people

Parameters |y (100 s), mN/m| Yoo, mN/m | £ (0.1 Hz), mN/m|E (0.01 Hz), mN/m|¢ (0.1 Hz), deg|¢ (0.01 Hz), deg
Healthy 50£0.5 455+0.3 29.6 £ 0.7 14.5+0.5 21.3+0.6 344+0.7
Patients 43.610.3 38.4+0.4 30+0.8 17.2 £ 0.5 20.6 £ 0.6 30.2+0.6
before operation »<0.001 »<0.001 p<0.001 »<0.001
First day 444 +0.3 38.66 £ 0.5 32+0.5 18+0.4 20.1£0.5 29.2+ 1.0
after operation p <0.001 p <0.001 p<0.001 p <0.001 p<0.001
Seventh day 43.8+0.6 38.5+0.6 31.9+£ 0.5 18.3+0.5 19.6 £ 0.6 30£0.6
after operation »<0.001 »<0.001 p <0.001 p <0.001 p<0.001

Table 3. Comparison between the blood serum parameters of the patients of the second group and healthy people

Parameters |y (100 s), mN/m| Yo, mN/m | F (0.1 Hz), mN/m|E (0.01 Hz), mN/m|¢ (0.1 Hz), deg|¢ (0.01 Hz), deg
Patients 43.85+0.3 39.3+0.4 28.4+2.0 14.0 £ 0.9 19.3+0.7 28.1£0.9
before operations p <0.001 p <0.001 p=0.037 p<0.001
First day 44.4+0.1 394+0.4 26.7 £ 1.8 15.7+£0.9 18.0 £ 0.5 26.5+0.9
after operation p<0.001 p<0.001 »<0.001 p<0.001
Seventh day 445+£0.3 39.2+0.4 26.55 £ 1.85 154 £ 1.0 18.5£0.7 27.6 £ 1.0
after operation p<0.001 p<0.001 p=0.004 p<0.001

people by 6—7 mN/m. This indicates a substantial
increase in the content of surfactants in the patient’s
blood. This may be caused by a marked increase in the
concentration of urea and creatinine in IHD, with
these substances being able to increase the surface
activity of albumin and other proteins. Moreover, in
IHD, the composition of lipids in blood is changed
(the concentrations of high- and low-density lipopro-
teins, triglycerides, and cholesterol are increased) and
the concentrations of glucose and immunoglobulins
G, M, and A are elevated. In addition, the content of
C-reactive protein rises and the balance of cytokines is
violated. All these facts may lead to an increase in the
concentration of surfactants in patients' blood.

Changes in the biochemical composition of blood
and their effect on its surface tension may be illus-
trated by the example of patients suffering from onco-
logical diseases [12]. Increased concentrations y-glo-
bin, P2-microglobin,  o2-glycoproten, ferrite,
immune complexes, T-globulin, o-antitrypsin, fatty
acids, mucoids, and other components have been
revealed in their blood. The content of some of the
aforementioned components may also be changed in
IHD, thereby decreasing the blood surface tension.

Concerning the rheological parameters presented
in Table 2, it may be noted that modulus E at a fre-
quency of 0.01 Hz is strongly increased with a con-
comitant decrease in the phase angle. This attests to a
rise in the surface elasticity at an almost unchanged
surface viscosity.

It has been found that the operations have no effect
on the subsequent variations in the parameters for
patients of the first and second groups and their

approach to the parameters of healthy people. Most
probably, 7 days are insufficient for changes in the
composition of patients’ blood sera.

The studies of plasma analogous to the examina-
tions of serum have shown that, in the first group of
patients, the viscoelasticity modulus and phase angle
at 0.01 Hz reliably increase after operations approach-
ing the values characteristic of healthy people. These
parameters of the patients before the operations were
lower than those of healthy people. For example, the
phase angles for healthy people and patients before
and after the operations are 40.2°, 35°, and 39°,
respectively. For the plasma of the second-group
patients, it has been revealed that the dynamic surface
tension (at 100 s) after the operations reliably increases
approaching the plasma surface tension of healthy
people.

CONCLUSIONS

The pendant drop shape method has been used to
experimentally study the surface tension and dilata-
tional viscoelasticity of blood serum and plasma of
healthy people and patients with IHD before and after
surgical operations. The values of the dynamic and
equilibrium surface tensions, viscoelasticity moduli at
oscillation frequencies of 0.1 and 0.01 Hz, and phase
angles at these frequencies have been determined. The
obtained results indicate reliable differences between
some of these parameters for the patients before and
after operations and healthy people. These results are
likely to improve the diagnostics and treatment of
patients with IHD and acquired valvular defects.
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