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Introduction: Erythrocyte aggregation and blood coagulation are of great interest and are still

under investigation by many researchers. Erythrocytes have a direct effect on hemorheological

properties. Real-time in vitro studies on blood coagulation and aggregation provide a chance to

understand their mechanisms in normal and pathological conditions. Additionally, this method

offers control over the physical and chemical conditions during the study.

Objective: The present study introduced a simple in vitro technique to study blood

aggregation and coagulation under controlled conditions.

Methods: The technique used in this study is based on the measurement of the electrical

properties of blood. A simple flow chamber was made from two cylinders with a gap between

them. The outer cylinder remains stationary, and the inner cylinder rotates about its axis. The

inner cylinder velocity is controlled by a stepper motor. Blood samples are introduced in the

gap between the two cylinders. Capacitance and impedance of blood samples were recorded by

two electrodes attached to the outer cylinders and in direct contact with blood.

Results: Quantitative parameters were extracted from the capacitance and impedance time

courses. These parameters were used to describe the aggregation and coagulation processes

under different shear rates. Strong correlations between the aggregation index and shear rate

were found for normal and diabetic blood samples. Additionally, strong negative correlations

of coagulation time were found for normal and diabetic blood samples. In conclusion, the

electrical analysis of blood reflects well the interactions between internal blood contents.

Conclusion: The parameters extracted from this technique can be used in the quantitative

description of hemorheological processes under different physical conditions.
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Introduction
One of the most important hemorheological properties of the blood is erythrocyte

aggregation. Erythrocyte aggregability is defined as the tendency of the cells to

adhere together.1 Erythrocyte aggregation tendencies directly affect the flow

dynamics and flow resistance of the blood.2 Erythrocyte aggregation is induced

by proteins or antibodies, such as fibrinogen, immunoglobulin G, and immunoglo-

bulin M. Additionally, polysaccharides such as dextran can induce erythrocyte

aggregation.1 The mechanisms of erythrocyte aggregation have not yet been fully

understood in normal and pathological conditions.1 Over the past several decades,

research has focused on biochemical factors that promote erythrocyte aggregation.

Recently, many studies have given particular attention to the cellular and physical
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factors that could mediate erythrocyte aggregation.3,4

Blood coagulation (which is also known as blood clotting)

is an essential mechanism for maintaining hemostasis.5,6

Physiological blood clotting is initiated by contact of the

blood with the surfaces presented by many substances and

tissues other than normal vascular endothelium.7 It is

activated by thrombocytes. Erythrocytes, leukocytes, and

platelets are involved in the formation of blood clots. They

are stabilized by a network of fibrin during the formation

of blood clots. Many pathological complications, such as

thrombosis and embolism in the vascular system, are asso-

ciated with blood coagulation.5

The theoretical and experimental dielectric studies

were developed to explain the interactions between cells

under normal and pathological conditions.8–11 An experi-

mental approach using impedance spectroscopy was devel-

oped for the investigation of erythrocyte aggregation.12

The parameters extracted from the impedance spectro-

scopy are used to describe the morphology of erythrocyte

aggregation and to quantify the dependence on

hematocrit.13,14 The three components model used to

describe the blood impedance includes plasma resistance,

erythrocyte internal resistance, and erythrocyte membrane

capacitance.15 The effects of both the erythrocyte shape

and the hematocrit on the electrical parameters of the

blood have been proven.16 The blood resistivity ðρbÞ was
estimated by the following equation:

ρb ¼ ρp
1þ kH
1� H

(1)

where ρp is plasma resistivity, H is hematocrit, and k is a

factor depending on the geometry and orientation of the

erythrocyte.

Many techniques and methods are used to monitor and

measure blood coagulation.17 The most common test used

to evaluate whole blood coagulation is clotting time. In

some cases, the continuous monitoring and measurement

of blood coagulation are critical, such as during surgery.

The electrical impedance of the blood was reported as the

best method for continuous measurement of blood

coagulation.18 It is known that the electrical impedance

of the blood correlates with the fibrinogen concentration,

erythrocyte sedimentation, and hematocrit.19–21 In compar-

ison with other methods, the electrical impedance method

was reported to be reproducible.22

Alterations in hemorheological parameters due to dia-

betes mellitus are subjected to physiological and epidemio-

logical studies.23 Vascular complications and abnormal

rheological dynamics due to an increase in erythrocyte aggre-

gation were indicated in diabetes mellitus.24,25 Patients with

type 2 diabetes exhibit peripheral vascular diseases in the

lower extremities, and it has been suggested that enhanced

erythrocyte aggregation contributes directly to this

pathophysiology.26,27 The elevation in whole blood viscosity

was indicated in diabetes mellitus.28,29 On the other hand,

multiple abnormalities in blood coagulation parameters are

observed in patients with type 2 diabetes.29,30

Many experimental approaches to study aggregation and

coagulation process were established with confirmed results

based on the dielectric properties of erythrocytes.8,12,13,31

The previous approaches studied erythrocyte aggregation or

coagulation under stasis conditions or flow conditions. This

study aimed to use the electrical properties of erythrocytes to

study their aggregation and coagulation under the transition

between two flow stages with the same technique. The effect

of the shear rate on aggregation and coagulation was one of

the primary concerns of this study. The effectiveness and

efficiency of the method used in the present study were tested

by studying the aggregation and coagulation of diabetic

blood.

Materials And Methods
Sample Collection
This study was done under the conditions of the ethics

committee of the Medical Research Institute, Alexandria

University. The research had been carried out in accor-

dance with the World Medical Association Declaration of

Helsinki 2013, and that all subjects provided written

informed consent. Thirty blood samples were collected

from volunteers who were diagnosed with type 2 diabetes.

Thirty blood samples were collected from healthy volun-

teers and used as control samples. All volunteers were

male with ages between 35 and 45 years. For the aggrega-

tion test, blood samples were collected with EDTA as an

anticoagulant. For the coagulation test, blood samples

were collected with 3.2% sodium citrate. For both tests,

the whole blood was centrifuged at 3500 rpm for 5 mins to

separate erythrocytes and plasma. Erythrocytes were

washed twice with phosphate buffer saline. The washed

erythrocytes were resuspended in autologous plasma at a

concentration of 20%, and the suspension was stored in the

refrigerator at 4°C. Before each test, the erythrocyte sus-

pension was placed at room temperature for 30 mins. For

the coagulation test, 0.5 M CaCl was added to the ery-

throcyte suspension to accelerate the coagulation process.
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Electrical Measurement Under Different

Shear Rates
The experimental setup used for the electrical measure-

ments is shown schematically in Figure 1. The electrical

properties of erythrocyte suspensions were recorded in a

flow chamber. The flow chamber was designed and con-

structed based on the idea of rotational coaxial cylinder

viscometer.32 This design offered smooth flow conditions.

The chamber was constructed from two Teflon coaxial

cylinders with dimensions of 5 cm in height and 2 cm

external diameter. The gap between the two cylinders was

made as small as possible (0.5 mm) to avoid wall effects

on the flow. The inner cylinder was connected directly to

the bipolar stepper motor to control its rotational motion

around its central axis. The stepper motor was derived

from a microstep chopper driver. This driver was con-

nected to the PC via USB. The coordinate command was

sent by the operator to advance the motor to the target

velocity. The erythrocyte suspension was placed in the gap

between the two cylinders and introduced to a shear rate

between 0.5 and 60 s−1. The shear rate was modulated

according to the angular velocity of the inner cylinder and

was calculated as follows:

γ: ¼ a
b� a

Ω (2)

where a and b are the radius of the inner and outer

cylinders, respectively, and Ω is the angular velocity of

the inner cylinder.

Gold electrodes of 2 mm in diameter were fixed at the

wall of the outer cylinder in direct contact with the ery-

throcyte suspension. The electrodes were fixed in the

middle of the cylinder 2.5 cm from the bottom. A specific

electrode diameter was chosen to reduce the current den-

sity at the electrodes and, hence, reduce the effects of the

electrodes. These electrodes were connected to the LCR

meter. All the electrical measurements were performed at

100 kHz. The frequency was chosen according to the

previous studies, which indicated that the erythrocyte sus-

pension had no response to low frequencies. This fre-

quency lays in the β-dispersion region, indicating the

capacitive effects of cell membranes.12

Capacitance (C) was chosen to represent erythrocytes

aggregation. Blood coagulation is induced as thrombin con-

verts fibrinogen into fibrin that interrupt erythrocytes, and the

blood clot begins to form. Since the erythrocytes lose their

cellular characteristics during the coagulation process, impe-

dance (Z) was chosen to evaluate the coagulation process.

Magnitude and phase angle of Z were measured at 100 kHz.

C and Z were measured every 5 s continuously until

160 s. All the measurements were repeated under four

different shear rates of 0.5, 5, 15, and 25 s−1. For the

aggregation measurement, the erythrocyte suspension was

introduced to the high shear rate of 40 s−1 to break down

the erythrocyte aggregation and then applied to the desired

value of the shear rate. For the coagulation measurement,

the desired shear rate was applied immediately after pre-

senting erythrocytes in the flow chamber.

C was plotted via time. The curves obtained were used

to calculate the characteristic parameters of the erythrocyte

aggregation process. These parameters were the aggrega-

tion half-time (T1/2) and the aggregation index (AI). T1/2

was calculated as the time required to reach one half of the

maximum time course of the capacitance. AI was calcu-

lated as in the following:12,33,34

AI ¼ B
Aþ B

� 100 (3)

where B is the area under the curve, and A is the area

above the curve.

Coagulation time (Tco) was calculated as the time

required for Z to begin to increase after the formation of

a blood clot.

Statistical Analysis
Statistical analysis was performed using IBM SPSS statis-

tics software version 24 (SPSS Inc., Chicago, IL, USA).
Figure 1 A schematic diagram of the setup used to study the aggregation and

coagulation of blood.
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All quantitative variables are presented as the mean±stan-

dard deviation. Correlations for all characteristic para-

meters of aggregation and coagulation with shear rates

were performed using the R2 test. A Student's t-test was

used to study the difference in means for diabetic blood

and control. The results were considered statistically sig-

nificant when p<0.05.

Results And Discussion
In the present study, the C values in both control and

diabetic blood samples were greater at low shear rates

compared to high shear rates. The C values of diabetic

blood were greater than the control for the entire investi-

gated shear rate range. The decreased percentages of C for

the control and diabetic blood in the comparison between

the lowest shear rate (0.5 s−1) and highest shear rate (25 s−1)

were ~64% and 52%, respectively. Figure 2 shows the

variation in C values (C time course) under different shear

rates for control and diabetic blood. Two significant phases

were indicated in the C time course. The first phase was due

to the complete disaggregation process when the erythro-

cyte suspension was introduced to a very high shear rate and

continued to approximately 20 s after lowering the shear

rate to the desired value. In this phase, C began to decline

and reached its minimum value. The second phase took

place when the shear rate was lowered to the desired

value, and erythrocyte aggregation began to form. In this

phase, C gradually increased until it reached a nearly fixed

value. These were noted in both diabetic blood and control

under the whole investigated shear rate range. The

minimum and maximum values of C were critical in the

assessment of erythrocyte aggregation. The yielded mini-

mum and maximum values of C are presented in Table 1.

Earlier studies indicated that the electrical properties of

blood are a function of the percentage of packed erythro-

cytes and the interaction between erythrocytes.8,12,13,16,35

Baskurt et al indicated the changes in electrical properties of

the erythrocyte suspension during the transition from flow

to stasis.12 Their findings cleared the association between

the change in erythrocyte aggregation state and electrical

capacitance. Their results were confirmed in comparison

with the light transmission technique. Pribush et al investi-

gated erythrocyte aggregation kinetics based on the dielec-

tric properties of the dispersed system. Their results showed

that at a hematocrit of 0.36 v/v, the capacitance was � 600

pF at 1.04 s−1 and reached � 450 pF at 16.67 s−1.14 Baskurt

et al indicated that the capacitance of blood at stasis was

dependent on the prior shear rate. They found that for

erythrocyte suspensions of 0.3 L/L, the capacitance was

0.39± 0.01 nf and 6.06±0.14 nf at 0.5 L/L.12 In the present

study, the capacitance at a low shear rate (0.5 s−1) was in

accordance with the previous study. The decrease in the

capacitance was noted whenever the shear rate was

increased. This decrease could be explained by the destruc-

tion of erythrocyte aggregation. The diabetic blood is

hyperaggregated more than the control blood, so it is

rational that the capacitance values of diabetic blood were

greater than the control blood for all investigated shear rate

ranges.

Indeed, blood loses its cellular properties when coagu-

lation begins to form. Blood clotting is a gel-like shape

that contains fibers. Therefore, it is more appropriate to

use electrical impedance to investigate blood clotting

rather than other electrical properties. In the present

work, the electrical impedance (Z) was measured at 100

kHz in control and diabetic blood samples to study the clot

Figure 2 Time course of blood capacitance under different shear rates for control

and diabetic blood.

Table 1 TheMinimumAndMaximumC (nf) Values Under Different

Shear Rates For Control And Type 2 Diabetes Blood Samples

Shear

rate

Minimum Maximum

Control Diabetic

Blood

Control Diabetic

Blood

0.5 s−1 3.5±0.09 16±0.7* 7.1±0.06 27±0.5*

5 s−1 1.7±0.05 11.5±0.35* 5.2±0.15 24.5±0.25*

15 s−1 0.73±0.08 7.16±0.24* 3.6±0.23 20.3±0.36*

25 s−1 0.22±0.005 4.8±0.33* 3.3±0.09 15.2±0.6

Notes: Data are a mean±standard deviation, *P<0.05.
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formation under the variation of shear rates. The findings

of this study showed a horizontal change of Z with time

and vertical change with shear rate for both control and

diabetic blood samples. Figure 3 represents the time

course of Z, which began as a constant of time. The

transition was taken at the time at which the blood clot

began to form. At this stage, Z increased until it reached a

maximum and approximately constant value. Z decreased

as the shear rate increased. This was noted for both control

and diabetic blood samples. Z values for the diabetic blood

samples were higher than those the control samples over

the entire investigated shear rate range. Lei et al used

electric impedance measurement in the microchannel to

monitor the blood clotting process. Their measurements of

blood impedance above 500 Hz gave an apparent response

to the clotting process.18 Previous studies showed fluctua-

tions in the electrical impedance of the blood due to the

clotting process and mentioned that blood behaves as

insulated matter when it clots.36,37

In the present study, the aggregation parameters were

extracted from the blood capacitance time course under

shear rates ranging from 0.5 to 50 s−1. T1/2 was directly

proportional to the shear rate. Strong correlations were

found for the relationship between T1/2 and the shear rate

for control and diabetic blood. As shown in Figure 4, T1/2

for control blood was greater than diabetic blood for the

entire range of investigated shear rates. The difference in

T1/2 between control and diabetic blood was highly sig-

nificant (p<0.05). In this study, T1/2 was used to express

the time needed for the formation of aggregates. T1/2

reflected the effect of shear rate on the aggregation

process. Additionally, it showed the hyperaggregation

behavior of diabetic blood. There was a statistical differ-

ence between AI of control and diabetic blood (p˂0.05) as

shown in Figure 5. Also, there was a significant statistical

difference between AI in diabetic patient vs controls.

Baskurt et al found the aggregation parameters obtained

from the time course of C and light transmission were with a

similar trend. From their study, AI values calculated based on

C time coursewere 60.6±5.1 at½ diluted plasma and 84.4 ±1.8

at plasma+1% dextran 500. Additionally, their results showed

that T1/2 was 21.5±1.0 at ½ diluted plasma and 19.9 ±1.2 at

plasma+1% dextran 500.12 These results support the results

obtained in this study. The T1/2 and AI values obtained in the

present study were lower than those obtained in previous

studies because those values were measured at 20% hemato-

crit. Additionally, values from previous studies were measured

under different shear rates and stasis states. The previous

studies illustrated the association between T1/2 and AI and

Figure 3 Time course of blood impedance under different shear rates for control

and diabetic blood samples.

Figure 4 Correlation between aggregation half-time and shear rate (p<0.05).

Figure 5 Correlation between aggregation index and shear rate (p<0.05).
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the aggregation state of the erythrocytes, which is in agreement

with the results obtained in this study.

In the present work, AI and T1/2 illustrated the hyper-

aggregation of the diabetic blood. The AI of diabetic blood

was greater than that of the control blood, and the T1/2 of

diabetic blood was lower than that of the control blood.

These results emphasized that erythrocytes from diabetic

blood aggregated faster than those from normal blood, and

larger aggregates formed in diabetic blood than in normal

blood.

Strong correlations for the relationships between Tco and

shear rate were obtained for both normal and diabetic blood

samples, as indicated in Figure 6. The Tco for diabetic blood

was lower than that for control blood for an investigated

range of shear rates. This finding indicates the effect of the

shear rate on coagulation and how the shear rate resists the

formation of coagulation. Additionally, diabetic blood may

coagulate faster than normal blood under a controlled shear

rate. The shear rate is the better parameter to be considered

when analyzing blood coagulation under flow.38 The effect

of shear rate on blood coagulation was investigated by

many researchers at low and high shear rates.39–41 A high

shear rate may initiate coagulation by increasing the deliv-

ery of coagulation proenzyme.42 In contrast, low shear rates

have been suggested to increase blood coagulation by

increasing fibrin deposition or reducing transport activated

coagulation factors away from the surface stimulus.43 The

present study introduces an in vitro method that could sup-

port the former point of view that the shear rate has a

significant effect on blood coagulation. Lei et al measured

blood coagulation time at various hematocrit values using

an impedance measurement technique. Their findings

showed a strong correlation between coagulation time and

hematocrit. They also monitored the effect of temperature

on blood coagulation using the impedance technique.18 The

present study promoted the efficacy of impedance measure-

ment to monitor blood coagulation. Additionally, this study

offered a technique by which blood coagulation can be

studied under different physical and chemical conditions.

Conclusion
Real-time monitoring of erythrocyte aggregation and blood

coagulation is very important to understand both mechan-

isms. Electrical analysis of whole blood offers an excellent

tool to achieve this purpose. In the present study, the data

from the electrical analysis of whole blood were used in the

quantitative description of aggregation and coagulation for

normal and diabetic blood samples. The hyperaggregation of

the diabetic blood was observed in comparison with control

as indicated from the analysis of capacitance time course.

Also, analysis of impedance time course showed that the

blood coagulated faster in diabetic blood than control. The

parameters obtained from capacitance and impedance time

courses are promising and reflect the state of aggregation and

coagulation of blood under different shear rates.
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