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Abstract. Diabetes mellitus is a disease in which the body does not produce enough, or 
properly respond to, insulin, a hormone produced in the pancreas. The rheological and electrical 
properties of red blood cells in the patients with diabetes have been studied in order to assess the 
complications of the disease. There was an increase in the viscosity and the yield stress of diabetic 
erythrocyte comparing to the normal. These may lead to the increase in the aggregation and decrease 
in deformability of red blood cells due to reducing the negative surface electric charge. The 
rheological disorders could lead to microcirculation problems. On the other hand, the relative 
permittivity, dielectric loss, and AC conductivity of diabetic erythrocytes increased significantly 
compared to the control. This is due to the toxic effects of glucose on erythrocytes which lead to 
restructuring of erythrocytes membranes. The high glucose value leads to imbalance of electrolytes in 
red blood cell membrane and the dielectric spectroscopy (DS) is very sensitive to such slight changes. 
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INTRODUCTION 

Diabetes mellitus is a complex, chronic disease and an increasingly 
significant health problem as the incidence increases worldwide. In 2030 the World 
Health Organization (WHO) predicts 366 million people with diabetes (5% of the 
world’s population) [1]. Diabetes mellitus is the most important cause of blindness 
in adults [13]; in addition, the risk of coronary heart disease is two to four times 
higher in diabetes patients. The risk of stroke or peripheral vascular disease also 
increases strongly. 

Diabetes produces disturbances of lipid profiles, especially an increased 
susceptibility to lipid peroxidation [16], which is responsible for increased 
incidence of atherosclerosis [9], a major complication of diabetes mellitus [29]. An 
enhanced oxidative stress has been observed in these patients as indicated by 
increased free radical production [2], lipid peroxidation and diminished antioxidant 
status [11]. 
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Oxidative stress in cells and tissues plays an important role in the 
pathogenesis of diabetes mellitus (DM). Oxidative stress manifests by increased 
levels of free radicals and LPO; it suppresses glycolysis, protein and nucleic acid 
production, and enzyme activities and promotes oxidation-phosphorylation 
uncoupling. The rate of free radical formation during oxidative stress surpasses the 
rate of their neutralization by the antioxidant system. Oxidative stress is regarded 
not only as the main mechanism of delayed complications of DM, but also as a 
factor underlying the development of DM. 

Toxic effects of glucose on erythrocytes manifest in restructuring of the 
erythrocyte membranes, disorders in hemoglobin oxygen-binding activity, 
modification of mechanical characteristics of the membrane and cell in general 
[28]. Oxidative stress caused by peroxinitrite treatment of erythrocytes leads to 
modification of their membrane cytoskeleton structure [27]. Changes in the 
cytoskeleton structure and lipid bilayer composition caused by oxidative processes 
lead to erythrocyte damage. 

MAJOR DETERMINANTS OF RBC RHEOLOGY 

Aggregation 

Erythrocytes (i.e., red blood cells, RBCs) are an important determinant of the 
rheological properties of blood because of their large number density 
(~5×106/mm3), particular mechanical properties, and aggregation tendency. 
Typically, a human RBC has a biconcave shape of ~8 µm in diameter and ~2 µm in 
thickness, and is highly deformable [24] 

The RBC membrane is composed of proteins (52% in weight), lipids (40%), 
and carbohydrates (8%). Membrane elasticity depends on the structural interactions 
between the outer plasma membrane and the underlying protein skeleton. The 
proteins of the RBC membrane are divided into two groups: integral and peripheral 
(Fig. 2). Integral proteins (glycophorin and Band 3 proteins) are tightly bound to 
the membrane through hydrophobic interactions lipids in the bilayer [15, 19, 20]. A 
filamentous network of proteins is anchored to the bilayer by the integral proteins. 
This network has three principal components: spectrin, actin, and protein 4.1. The 
peripheral membrane proteins are located on the cytoplasmic surface of the lipid 
bilayer and can be readily released from the membrane by simple manipulation of 
the ionic strength of the milieu or variation in the concentrations of other proteins 
[19]. 

Blood is a non-Newtonian fluid and its viscosity is therefore variable at any 
given temperature, depending on the shear rate. At low shear rate, RBCs can 
aggregate and form one-dimensional stacks-of-coins-like rouleaux or three-
dimensional (3D) aggregates [24]. This because the electrostatic repulsion of RBC 
is overcome by the presence of macromolecules which aggregate the cells.The 
process is reversible and particularly important in the microcirculation, since such 
rouleaux or aggregates can dramatically increase effective blood viscosity. RBCs 
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may also exhibit reduced deformability and stronger aggregation in many 
pathological situations, such as heart disease, hypertension, diabetes, malaria, and 
sickle cell anemia [24]. 

Deformability 

‘Cellular deformability’ is the term generally used to characterize the RBC’s 
ability to undergo deformation during flow [19]. The deformation response of a 
RBC to fluid forces is a complex phenomenon that depends on a number of 
different cell characteristics including membrane material properties [15], cell 
geometry, and cytoplasmic viscosity [20]. 

 

 
Fig. 1. RBC membrane. Schematic representation of protein orientations in the human RBC. 

To undertake oxygen delivery, the RBC must be able to undergo considerable 
cellular deformation since its diameter (8 µm in humans) far exceeds that of the 
capillaries (2–3 µm) through which it must pass [19]. The proteins of the RBC 
membrane are divided into two groups: integral and peripheral (Fig. 2). Integral 
proteins (glycophorin and Band 3 proteins) are tightly bound to the membrane 
through hydrophobic interactions lipids in the bilayer [15, 19, 20]. A filamentous 
network of proteins is anchored to the bilayer by the integral proteins. This network 
has three principal components: spectrin, actin, and protein 4.1. The peripheral 
membrane proteins are located on the cytoplasmic surface of the lipid bilayer and 
can be readily released from the membrane by simple manipulation of the ionic 
strength of the milieu or variation in the concentrations of other proteins [19]. 

Principles of dielectric spectroscopy 

In essence, dielectric studies are based on quantifying the response of a 
material to an electric field applied to it. The response is typically described by the 
material’s conductivity and permittivity. Conductivity (σ), measured in S/m, 
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quantifies the ability of the material to conduct the electrical charge. Permittivity 
(ε), measured in F/m, is the amount of charge that is stored by the material due to 
the polarization of its components. Permittivity of the material is often expressed as 
relative to the permittivity of vacuum (ε0 = 8.854 × 10–12 F/m), giving the 
dimensionless relative permittivity (also called dielectric constant), εT = ε/ε0. By 
dividing conductivity and permittivity by the probe constant (d/A in m–1, the ratio 
of the distance between the electrodes and the electrodes’ area), one obtains the 
corresponding conductance (G in S) and capacitance (C in F) of the material, 
respectively. The permittivity of a material tends to fall (and its conductivity to 
rise) in a series of step-like shifts as the frequency of the electrical field rises. 
These step changes, called dispersions, are due to losses of certain characteristic 
polarization abilities of the substance.  

In the case of cell suspensions, three major dispersions are identified: the α-, 
β- and γ-dispersions. The α-dispersion is caused predominantly by the activity of 
ions by the charged surfaces of cells and particles. The γ-dispersion is due mainly 
to the bipolar rotation of water molecules. Of particular interest in biological cells 
is the β-dispersion, resulting from the build-up of electrical charge at the cell 
membranes. Under the influence of an electric field applied to a cell suspension, 
the ions present in the electrolytic medium migrate towards the electrodes. The 
cytoplasm of the cells is also conducting but due to the presence of the non-
conducting plasma membrane, the charged ions inside the cells are constrained to 
the cell volume. Trapped inside the membrane, the ions accumulate at the sides of 
the cell, and the cell becomes polarized. Clearly, only cells with undamaged 
membranes capable of electrical insulation contribute to the increase in 
capacitance. Most dead cells autolyse shortly after death and their membranes 
rupture, while non-cellular material cannot store electrical charge. Thus, only 
viable is measured. Each living cell in the suspension assumes the behavior of a 
tiny electrical capacitor and the overall capacitance of the suspension rises as a 
function of the total biovolume (i.e. the volume fraction of the suspension which is 
enclosed by an intact membrane). Measuring the capacitance over a predetermined 
range of electrical field frequencies is the basic idea of scanning dielectric 
spectroscopy. The typical frequency range used in bioprocesses monitoring is in 
the order of 0.1–10 MHz, where the β-dispersion occurs. At the lower frequencies 
of this range, there is enough time for electrical charge to build up at the cell 
membranes. However, at the high-frequency end of the spectrum, the electrical 
field changes direction too rapidly for the cell membrane to polarize, and the 
biomass no longer contributes to the measured capacitance. The net rise from the 
background capacitance (C∞) at high frequencies to the increased capacitance at 
low frequencies is expressed as ∆C and can be attributed to the charge-storing 
properties of the biomass. The frequency corresponding to half of the measured DC 
is called the characteristic frequency (fc) [7, 8]  
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MATERIALS AND METHODS 

CLINICAL SAMPLES 

Samples of heparinized venous blood were collected from twenty patients 
with diabetes mellitus. The patients were previously diagnosed and were under the 
supervision of medical professionals during this period. Blood from 10 healthy 
individuals were used as a normal control for this study.  

RHEOLOGICAL PROPERTIES 

In order to determine the rheological properties of blood with anomalous 
flow properties, it is necessary to use an instrument in which all the samples under 
test is exposed to a uniform shear stress and shear rate, and in which each of these 
effects is separately determinable. The rheometer employed in this study is the 
Brookfield DV-III Programmable Rheometer. It is a cone-plate viscometer that 
measures fluid parameters of shear stress and viscosity at given shear rates. The 
applied shear rate was 12 to 375 s–1, and the measurements were carried out at 
temperature 25 ºC. The data was collected from the rheometer by means of 
software program “Rheocalc for Windows”. The apparent viscosity of the blood 
which is a non-Newtonian fluid is not constant but rather depends on the 
magnitude of the shear stress or shear rate, and can be calculated as ratio of shear 
rate to shear stress. It decreases as the shear rate increases (Flow curve). The 
analysis of the flow curve was performed by applying the Bingham plastic model 

 0F F D= + η  (1) 

where F is the shear stress (dyne/cm2) and D is the shear rate (s–1), and the yield 
stress (Fo) and viscosity (η) can be calculated. 

DIELECTRIC PROPERTIES 

The dielectric properties of RBCs can be investigated by measuring the 
dielectric properties of blood suspension, which has the benefit of measuring viable 
cells close to its physiological state, and to avoid any induced changes in the 
sample during preparation or rouleaux formation during settling in the measuring 
tubes [26]. The dielectric measurements were carried out using LCR meter type 
HIOKI 3531, manufactured in Japan, in the frequency range 40 kHz to 5 MHz. The 
measuring cell is a parallel plate conductivity cell with platinum electrodes, coated 
with platinum black layer [12], with area 4 cm2 and separating distance 2 cm. The 
blood samples were diluted in isotonic buffered saline (pH 7.4 and conductivity 
0.627 S/m), and the hematocrit was adjusted at 3%. The samples were incubated in 
water bath at 37 ºC during measurement. 
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The measured parameters were capacitance C and conductance G, from 
which the relative permittivity ε' and conductivity σ can be calculated as follows: 
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where A is the area of the electrode, d is the distance between the two electrodes, 
and εo is the vacuum permittivity. The dissipation factor tan δ can be given by: 
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G
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The permittivity can be expressed in complex quantity as: 

 * ' ''Jε = ε − ε  (5) 

The real part represents the permittivity constant and is given by: 
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where εs is the limiting low frequency permittivity, and  ε∞ is the permittivity value 
at the end of the dispersion. And the imaginary part ε" (the dielectric loss): 
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To separate the AC conductivity component from the total conductivity 
measured (DC and AC) the following relationship was applied [21]:  

 AC 0 ''σ = ωε ε  (8) 

where  

 '' ' tanε = ε δ  (9) 

STATISTICAL ANALYSIS 

In this study, the values are expressed as mean ± standard deviation. The 
significance of the difference between each value presented by various groups was 
evaluated by the Student t-test and values with p < 0.05 were considered as 
statistically significant. 
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RESULTS AND DISCUSSION 

Erythrocyte membrane proteins serve specific functions. Band 3, for instance, 
which is the most abundant erythrocyte transmembrane protein, is responsible for 
anion exchange at the level of plasma membrane. Other transmembrane proteins 
serve as pumps or channels for the movement of ions and the transport of glucose 
and other small molecules. In addition, cytoskeletal proteins are important for the 
maintenance of the biconcave shape and structural integrity of the erythrocyte.  

Table 1 

Demographic overview of patients 
Subject characteristics Control Diabetic 

Number (n) 10 20 

Gender (Male/Female) 2/8 1/19 

Age (Years) 36 ± 4.1 47 ± 2.8 

Age Range 24–60 25–80 

Duration of diabetes (Years) – 5.1 ± 1 

Non-Insulin/ Insulin treated – 8/12 

Glucose (mg/dL) 85 ±7.4 242 ± 26 

The analysis of the rheological properties of blood samples from diabetic 
patients yields two important parameters; yield stress and viscosity (Fig. 1). The 
yield stress is a sensitive index of blood fluidity at low shear rates.  When no shear 
stress is applied, the red blood cells, placed in suspension, adhere face-to-face and 
form aggregates called rouleaux. While the low shear viscosity is a function of the 
aggregability of the red blood cells, the viscosity in the high shear region depends 
on their deformability. RBCs from diabetic patients were found to be more rigid 
than normal and have reduced deformability due to the interaction of hemoglobin 
with the membrane that contributes to the cellular rigidity and alteration of the 
membrane. This reduced deformability appears as increase in the yield stress and 
the viscosity in the high shear region. Hyperglycaemia resulting from uncontrolled 
glucose regulation is widely recognized as a causal link between diabetes and 
diabetic complications. Erythrocyte membrane glycosylation reduces the negative 
surface electric charge [25] due to cleavage of terminal sialic acid components of 
glycophorin A, leading to accelerated aging of erythrocytes. It also increases 
erythrocyte aggregation [18] and accumulates advanced glycation end products 
(AGEs), which have been associated with erythrocyte deformability defects and 
with microvascular complications of diabetes [5]. 
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Fig. 2. Viscosity (in cp) and yield stress (in D/cm2) of normal and diabetic erythrocytes. 

One of the important subjects in biophysics is the investigation of the 
dielectric properties of cells and of structural parts of the cell (membrane, 
cytoplasm, etc.). These can provide valuable knowledge about deferent cell 
structures, their functions and metabolic mechanisms [23]. 

Table 2 

Electrical parameters of normal and diabetic erythrocytes 

 τ (s) ∆σ ε∞ εs ∆ε 
Normal 
Mean 
±SE 

 
1.25E–07 

3E–09 
3250.2 

59 
3279.3 
530.83 

22983 
531.14 

19684 
531.13 

Diabetic 
Mean 
± SE 

P value 

 
1.4E–07 
3.19E–09 

0.0005 

 
3820.9 
88.94 
0.0018 

 
3231.8 
71.506 
0.6175 

 
28115 
879.14 
0.0012 

 
24036 
859.95 

0 

 
The dielectric properties of the biological membrane, under the influence of 

applied electric field, are characterized by several parameters: relative permittivity 
or dielectric constant (ε'), dielectric loss (ε"), dielectric strength  (∆ε'), relaxation 
time (τ) and AC conductivity. The permittivity is a measure of its polarizability in 
the electric field. It is related to the structural arrangement of the lipid bilayer and 
with the conformation and localization of proteins in the membrane, consequently 
with the spatial distribution of charge and dipolar groups at the hydrophobic 
interface [4]. This polarization does not occur instantaneously, and the associated 
time constant is called the relaxation time τ [17]. The dielectric strength (the 
difference between the limits of (εs and ε∞) is the maximum field strength the 
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material can withstand without breakdown. It is an intrinsic property which 
depends on the membrane conformation. The conductivity depends on the 
dynamical ionic transport through the membrane. It takes into account both the 
structural ionic and polar group arrangements and the dynamical ionic transport 
processes of the membrane [3]. Fig. 3a shows the dielectric dispersion (the 
corresponding frequency dependence of permittivity) of normal and diabetic blood. 
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Fig. 3. Relative permittivity (A) and dielectric loss (B) for normal and diabetic erythrocytes. 

The dielectric loss curve (Fig. 3b) can be evaluated by the total area under the loss 
curve. It is proportional to the total concentration of dipoles in the material and 
their dipole moment, irrespective of their distribution of relaxation times [22]. 
Most of the calculated dielectric parameters of diabetic RBCs show increased 
values compared to normal (Table 2). In 1999 Hillier et al. [10]., reported that 
hyper and hypo-glycaemic excursions lead to changes in the electrolyte balance in 
blood (a decrease in sodium ion concentration, and an increase in potassium ion 
concentration), cells and interstitial fluid in healthy subjects and in patients with 
diabetes. These variations cause changes in the red blood cells membrane potential, 

A

B



 O.S. Desouky  10 248 

which can be estimated by determining the permittivity and conductivity of the cell 
membrane through the dielectric spectrum. The same result was reported by [30] 
who found that glucose is able to directly affect the impedance of the blood 
especially below 1 MHz.  

 

0

1000

2000

3000

4000

5000

6000

10000 100000 1000000 10000000
Frequency

C
on

du
ct

iv
ity

Normal
Diabetic

 
Fig. 4. AC electrical conductivity of normal and diabetic erythrocytes. 

Based on the change in the dielectric measurements due to glucose 
concentration, many researchers try to use the dielectric spectroscopy as a non-
invasive technique for blood glucose monitoring. The technique is based on 
impedance spectroscopy in the frequency window characterized by the β-
dispersion. The clinical-experimental studies with the non-invasive technique in 
healthy subjects have shown that changes in blood glucose following intravenous 
or oral administration of glucose could be tracked [6, 14] under controlled 
conditions. 

CONCLUSION 

The obtained results show there is an increase in rheological (viscosity and 
yield stress) and electrical properties (dielectric constant, dielectric loss, relaxation 
time and ac conductivity) of diabetic erythrocytes compared to healthy individuals. 
The rheological disorders of diabetic erythrocytes (increased aggregation and 
decreased deformability) will cause microvascular complications of diabetes. 

There is controversy about the effect of glucose on the electrical properties of 
red blood cells. Many researchers had found only a slight variation of glucose, 
while others said that there is a relationship between increased concentration of 
glucose and the increase in the electrical properties. These results reinforced the 
opinion, which states an increase of electrical properties with the increase of 
glucose. Finally, the obtained results confirm the use of these properties as a way to 
measure the concentration of glucose without intervention. 



11 Rheological and electrical behavior of diabetes mellitus 

 

249 

R E F E R E N C E S  

1. AMOS, A., D. MCCARTY, P. ZIMMET, The rising global burden of diabetes and its 
complications: estimates and projections to the year 2010, Diab. Med. 1997, 14, 1–85. 

2. BAYNES, J.W., Role of oxidative stress in development of complications in diabetes, Diabetes, 
1991, 40, 405–412. 

3. BIASIO, A., C. CAMETTI, Effect of the shape of human erythrocytes on the evaluation of the 
passive electrical properties of the cell membrane, Bioelectrochemistry, 2005, 65, 163–169. 

4. BONINCONTRO A., C. CAMETTI., A. ROSI., L. SPORTELLI, Electrical parameters of 
erythrocyte membranes deduced from radiowave conductivity measurements, J. Membrane 
Science, 1989, 41, 345–354. 

5. BROWN, CD., ZH. ZHAO, F. DEALVARO, S. CHAN, EA. FRIEDMAN Correction of 
erythrocyte deformability defect in ALX-induced diabetic rabbits after treatment with 
aminoguanidine, Diabetes, 1993, 42, 590–59. 

6. CADUFF, A., E. HIRT, Y. FELDMAN, Z. ALI, L. HEINEMANN, First human experiments 
with a novel non-invasive, non-optical continuous glucose monitoring system, Biosens. 
Bioelectron., 2003, 30, 209–217. 

7. COLE, K.S., R.H. COLE, Dispersion and absorption in dielectrics I. Alternating current 
characteristics. J. Chem. Phys., 1941 9, 341–351. 

8. DEBYE, P., Polar Molecules, Chemical Catalog Company Inc., New  York, 1929.  
9. GIUGLIANO, D., A. CERIELLO, G. PAOLISSO, Diabetes mellitus, hypertension and 

cardiovascular diseases: which role for oxidative stress?, Metabolism, 1995, 44, 363–368. 
10. HILLIER, T.A., R.D. ABBOTT, E.J. BARRETT, Hyponatremia: evaluating the correction factor 

for hyperglycemia, Am. J. Med., 1999, 106, 399–403 
11. HIRAMATSU, K., S. ARIMORI, Increased superoxide production by mononuclear cells of 

patients with hypertriglyceridemia and diabetes, Diabetes, 1988, 37, 832–837. 
12. IWAMOTO, S., H., KUMAGAI, Analysis of the dielectric relaxation of a gelatin solution, 

Biosci. Biotechnol. Biochem., 1998, 62, 1381–1387. 
13.  JEPPESEN, P., T. BEK, The occurrence and causes of registered blindness in diabetes patients 

in Arhus County, Denmark, Acta Ophthalmol., 2004, 82, 526–530. 
14. KHALIL, O.S, Non-invasive glucose measurement technologies: an update from 1999 to the 

dawn of the new millennium, Diabetes Technol. Ther., 2004, 6, 660–697. 
15. LUX, S.E., Dissecting the red cell membrane skeleton, Nature, 1979, 281, 426–429. 
16. LYONS, T.J., Oxidized low density lipoproteins: a role in the pathogenesis of atherosclerosis in 

diabetes? Diabet Med., 1991, 8, 411– 419. 
17. MARTINSEN, Ø.G., S. GRIMNES, H.P. SCHWAN, Interface Phenomena and Dielectric 

Properties of Biological Tissue: Encyclopedia of Surface and Colloid Science, Marcel Dekker 
Inc., 2002. 

18. MAZZANTI, L., E., FALOIA, R.A. RABINI, R. STAFFOLANI, A. KANTAR, R. FIORINI, B. 
SWOBODA, R. DE PIRRO, E. BERTOLI,  Diabetes mellitus induces red blood cell plasma 
membrane alterations possibly affecting the aging process, Clin. Biochem., 1992, 25, 41–46. 

19. MOHANDAS, N., J.A. CHASIS, Red blood cell deformability, membrane material properties 
and shape: regulation by transmembrane, skeletal and cytosolic proteins, Semin. Hematol., 1993, 
30, 171–192. 

20. MOHANDAS, N., The red blood cell membrane, In: R. Hoffman, E.J. Benz, S.J. Shattil, B. 
Furie, H.J. Cohen (eds.), Hematology: Basis, Principles and Practice, Churchill-Livingstone, 
New York, 1991, pp. 264–269. 

21. PARK, J.H., C.S. KIM, B.C. CHOI, K.Y. HAM, The correlation of the complex dielectric 
constant and blood glucose at low frequency, Biosensors & Bioelectronics, 2003, 19, 321–324. 

22. PETHIG, R., Dielectric and Electronic Properties of Biological Materials, John Wiley & Sons, 
1979. 



 O.S. Desouky  12 250 

23. POLEVAYA, Y., I. ERMOLINA, M. SCHLESINGER, B. GINZBURG, Y. FELDMAN, Time 
domain dielectric spectroscopy study of human cells II. Normal and malignant white blood cells, 
Biochimica et Biophysica Acta, 1999, 1419, 257–271. 

24. POPEL, A.S., P.C. Johnson, Microcirculation and hemorheology, Annu. Rev. Fluid Mech., 2005, 
37, 43–69. 

25. RAZ I., Y. HAVIVI, R. YAROM, Reduced negative surface charge on arterial endothelium of 
diabetic rats, Diabetologia, 1998, 31, 618–620. 

26. SELIM, N.S., Comparative study on the effect of radiation on whole blood and isolated red 
blood cells, Arab Journal of Nuclear Sciences and Applications, 2009, 42, 133–140.     

27. SOMER, T., H.J. MEISELMAN, Disorders of blood viscosity, Ann. Med., 1993, 25, 31–39 
28. STARODUBTSEVA, M.N., T.G. KUZNETSOVA, N.I. YEGORENKOV, S.N. 

CHERENKEVICH, Structural and mechanical characteristics of erythrocyte membranes in 
patients with type 2 diabetes mellitus, Bulletin of Experimental Biology and Medicine, 2008, 
145, 99–103  

29. STEINER, G., Atherosclerosis, the major complication of diabetes, Adv. Exp. Med. Biol., 1985, 
189, 277–297 

30. TURA, A., S. SBRIGNADELLO, S. BARISON, S. CONTI, G. PACINI, Dielectric properties of 
water and blood samples with glucose at different concentrations, in: T. Jarm, P. Kramar, A. 
Županič (Eds.), Medicon 2007, IFMBE Proceedings, 2007, 16, 194–197. 


