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Abstract 

Irradiation of blood and blood components with γ-
irradiation is recommended for the inactivation of T-lymphocytes 
and prevention of transfusion-associated graft versus host 
diseases. The aim of the present work is to ensure that the 
currently applied irradiation dose 25 Gy is a safe dose based on 
the study of the electrical behavior, rheological properties, 
membrane solubilization, membrane hemolysis and scanning 
electron microscope of stored erythrocytes. In addition it aims to 
study the possibility of increasing the irradiation doses to 50 and 
100 Gy. Moreover Alpha lipoic acid (a potent natural antioxidant) 
was added to the stored erythrocytes before irradiation for 
radioprotection. Irradiation of erythrocytes with 25 Gy didn’t 
show significant changes for the calculated dielectric parameters. 
However, increasing the irradiation doses resulted in significant 
decrease in the calculated dielectric parameters reflecting the 
damaging effects of radiation on the membrane structure. The 
obtained results showed that α-lipoic acid can play an important 
role in minimizing the radiation-induced damage to the 
erythrocytes and conserve their electrical properties.  

There were non-significant changes in viscosity after 
exposure to 25 Gy, while a significant increase at 50 Gy and a 
significant decrease at 100 Gy were observed. The study found 
that α- lipoic acid (ALA) resulted in non–significant change in 
viscosity after exposure to 50 Gy and 100 Gy. A significant 
increase in the yield stress was observed after exposure to 25 and 
50 Gy while at 100 Gy, the yield stress showed a remarkable 
decrease. Addition of α-lipoic acid before irradiation resulted in 
non–significant changes in the yield stress at doses 25, 50, 100 
Gy. 

 XIV



 XV  

The obtained results of the average membrane 
solubilization (D50) and the average membrane hemolysis (H50) 
showed non-significant change at 25 Gy; while an observable 
decrease was observed at 50 Gy and 100 Gy. The addition of 
lipoic acid didn’t induce significant change from control. the 
addition of lipoic acid prior to irradiation resulted in a decrease in  
the radiation effects on erythrocytes 

According to the obtained results it could be concluded 
that gamma irradiation affects the electrical and mechanical 
properties of erythrocytes. Alpha-Lipoic acid can play an 
important role in minimizing the radiation effects. The dose 25 
Gy can be considered as a safe dose; however, it is preferable 
with the addition of α-lipoic acid before irradiation with gamma 
rays. Increasing the irradiation doses up to 100 Gy can be applied 
with the addition of α-lipoic acid prior to exposure, since it is 
important for the maintaining of  erythrocytes viability. 
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Introduction and Literature 

Review 

1.1 Introduction 

Blood transfusion is an important operation that people 

may need in some cases such as accident or some blood diseases 

(leukemia, anemia), so blood banks are considered an important 

source for these needs. However, the operation of blood 

transfusion may cause Graft-Versus-Host Diseases (TA-GVHD) 

which is a potential complication of transfusion of any blood 

component containing viable T-lymphocytes where there is a 

degree of disparity in the histocompatibility antigen between 

donors and patients. The risk associated with an individual 

transfusion depends on the number and viability of lymphocytes, 

the susceptibility of the patient's immune system to their 

engraftment and the degree of immunological disparity between 

donor and patient (Anderson et al., 1991). Transfusion-Associated  

Graft-Versus-Host Disease (TA-GVHD) is an  often fatal 

complication occurring in severely immuno-compromised 

patients, including those with congenital immuno-deficiencies, 

those who have undergone bone marrow transplantation (BMT), 

and those who have received aggressive cancer chemotherapy 

(Anderson, 1992). 

As a solution, scientists suggested to centrifuge the whole 

blood to obtain packed erthrocytes, however this solution is 

 ١
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incomplete because the threshold dose of lymphocytes required 

for the GVHD in human is unknown and the packed cells may be 

contaminated by small amount of lymphocytes (Chapman et al., 

1996). Other suggestion was approved which is the use of 

radiation. The benefit of using radiation arises from the fact that 

T-lymphocytes which cause GVHD are nucleated, hence it is 

more sensitive to radiation than mature erythrocytes which are 

anucleated cells. Also there is no residual contamination after 

irradiation in contrast to the use of chemicals. However, the ideal 

dose necessary to prevent TA-GVHD while preserving the quality 

of other blood cells, excluding the lymphocytes, continues to be 

an issue (Goes et al., 2006) 

Unfortunately, gamma irradiation may affect the quality of 

the stored erythrocytes by production of reactive oxygen species 

which cause membrane lipid peroxidation and loss of membrane 

integrity. These results in potassium leakage, hemolysis, and 

problem with ATP maintenance resulting in reduced viability 

(Anderson, 1991). More scientific studies are carried out 

searching for more suitable solutions. 

A critical examination of the literature and experimental 

results were carried out by Reverberi et al., 2007 who concluded 

that the erythrocyte deformability is the only parameter related to 

viability which show sufficiently precocious and important 

changes. Deformability, as other erythrocytes properties, depends 
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to a great extent on both mechanical and electrical properties of 

the cell membrane. The electric properties of erythrocytes deal 

with the structural arrangement of the lipid bilayer and with the 

conformation and localization of proteins in the membrane, and 

consequently with the spatial distribution of charges and dipolar 

groups at the surface of cell membrane (Bonincontro et al., 1989). 

It was found that the decrease of the surface charge of 

erythrocytes led to the decrease in the deformation and orientation 

indices as well as the increase in blood viscosity (Wen et al., 

2000). The mechanical properties of erythrocytes can be studied 

by measuring their rheological properties which depend mainly on 

cell deformability, alterations of the properties and association of 

membrane skeletal proteins, the ratio of erythrocyte membrane 

surface area to cell volume, cell morphology, and cytoplasmic 

viscosity (Oguz et al.,  2003). 

1.1.1 Aim of the work:- 

This work studies the effects of gamma radiation on the 

parameters related to both structure and function of erythrocytes 

such as rheological and electrical properties. To test also, the 

safety of the present applied radiation dose (25 Gy) in the 

sterilization of blood bags and exploit the feasibility of elevating 

the irradiation doses up to 100 Gy to ensure the elimination of T-

lymphocyte. It also studies the effect of the addition of alpha 

lipoic acid (natural antioxidant) as radioprotector. It is known that 
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antioxidants are molecules which can safely interact with free 

radical and terminate the chain reaction before vital molecules are 

damaged (Young and Side, 2001). The antioxidant effects of α-

lipoic acid or its derivatives occur both in the hydrophilic phase 

and in the hydrophobic membrane portion (Kagan et al., 1992). 
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1.2 LITERATURE REVIEW. 

1.2.1 Transfusion –Associated Graft- Versus 
             Hosts Diseases (TA-GVHD). 

Transfusion–Associated Graft-Versus- Hosts Diseases 

(TA-GVHD) is a potential complication for blood transfusion of 

any component containing viable T-lymphocytes where there is a 

degree of disparity in histocompatibility antigen between donors 

and patients (Anderson et al., 1991). 

Graft-Versus-Host Disease (GVHD) is caused by donor 

lymphocytes (graft) in the transfused product that survive and 

proliferate in the recipient, attacking recipient organs and tissue. 

These lymphocytes are not recognized or eliminated by host 

immunological defense due to similarities in terms of HLA 

antigens, and/or by a compromised immune system (Anderson 

and Weinstein, 1990). 

Transfusion-Associated  Graft-Versus-Host Disease (TA-

GVHD) is an  often fatal complication occurring in severely 

immunocompromised patients, including those with congenital 

immunodeficiencies, those who have undergone bone marrow 

transplantation (BMT), and those who have received aggressive 

cancer chemotherapy ( Anderson,1992). 

Acute graft-versus-host disease (GVHD) occurs after 

allogeneic hematopoietic stem cell transplant and is a reaction of 
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donor immune cells against host tissues. Activated donor T cells 

damage host epithelial cells after an inflammatory cascade that 

begins with the preparative regimen. About 35%–50% of 

hematopoietic stem cell transplant (HSCT) recipients will develop 

acute GVHD. The exact risk is dependent on the stem cell source, 

age of the patient, and conditioning. Given the number of 

transplants performed, we can expect about 5500 patients/year to 

develop acute GVHD. Patients can have involvement of three 

organs: skin (rash/dermatitis), liver (hepatitis/jaundice), and 

gastrointestinal tract (abdominal pain/diarrhea). One or more 

organs may be involved (Jacobsohn and Vogelsang, 2007) 

Chronic GVHD presents a clinical pattern which usually 

differs from acute GVHD, i.e. mesenchymal rather than epithelial 

tissues are involved more commonly. Most classifications are 

based on the extent of disease and performance score (Goulmy et 

al., 1996). Chronic GVHD is a multi-organ disorder in which the 

severity of individual organ involvement does not correlate well 

with the overall survival; the patient’s functional performance is a 

better indicator of survival (Atkinson et al .,1990) 

  Sprent et al., (1974), reported that as little as 5 Gy 

abolishes mixed lymphocyte culture reactivity which promoted 

them to suggest that this radiation dose should be sufficient to 

prevent transfusion associated GVHD. Brubaker (1983) 

concluded that doses between 15 Gy and 75 Gy appear to be 
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adequate in preventing GVHD, with an optimum dose of 50 Gy. 

They stated those helpers T-lymphocytes are not sensitive to 30 

Gy, whereas suppressor and cytotoxic T-lymphocytes are 

sensitive to this radiation dose. Irradiation inhibits T-

lymphocytes, but had no effect on erythrocytes and granulocytes 

function or survival. He recommended an optimal radiation dose 

of or between 35-50 Gy. 

Holland (1989), reported that in many cases, It was 

recommended the use of a 15 Gy radiation dose as adequate dose 

to prevent TA-GVHD.  

Anderson et al., (1991), and Anderson, (1992), 

recommended that the lowest doses capable of inhibiting 

lymphocyte proliferation are 15-25 Gy, according to a survey 

which they undertook. 

Pelszynski et al., (199١), reported that to effectively 

inactivate lymphocytes in erythrocytes units, a minimal radiation 

dose of only 25 Gy is required. 

Rosen et al., (1993), suggested that irradiation at 15 Gy is 

more appropriate. This dose has been recommended by the 

standards committee of the American Association of Blood Bank, 

(1996). 

Two studies with limiting-dilution analysis (LDA) assay 

indicated that 25 Gy was the minimal dose necessary for TA-
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GVHD prevention (Pelszynski et al., 1994). Although storage 

time decreased the number of viable T cells available to 

proliferate; they were able to proliferate and were not resistant to 

inactivation by γ irradiation. Therefore, after storage for 1, 7, and 

21 days, there were no functional T cells detected by LDA after 

25 Gy of irradiation (Pelszynski et al., 1994). Single dose 

between 5 and 50 Gy doesn’t induce a further stimulation of 

cytokines (proteins that are produced by cells, which interact with 

cells of the immune system in order to regulate the body's 

response to disease and infection release) although after 50 Gy 

single dose some amount of cytokine release was detected 

(Weinmann et al., 2000). Doses of 30-50 Gy abrogate lymphocyte 

proliferation almost completely. In this range they did not observe 

severe adverse effects on blood transfusion. Hemolysis might be 

enhanced when the samples are stored for a longer period after 

irradiation (Weinmann et al., 2000). 

Erkal et al., (2009), indicated that the recommended doses 

of irradiation for the blood products to be used in attempt to 

prevent the transfusion associated graft versus host disease leads 

to marked alterations in the blood dynamics and might decrease 

the viability of the erythrocytes following transfusion.  
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1.2.2 Effect of irradiation on erythrocytes. 

Direct oxidative attack on erythrocytes membranes may 

induce membrane abnormalities. Among these abnormalities, 

there are loss of lipid, increase in rigidity of the lipid bilayer and 

aggregation of membrane proteins. Lipid peroxidation may 

change the composition of lipid membranes, the composition of 

which affects indirectly erythrocyte deformability (Mohandas et 

al., 1980).  

The structural and functional integrities of biological 

membranes are  dependent on the fluidity of the membrane itself 

and the correct fluidity for a particular cell type is dependent, on 

the type and configuration of the phospholipid fatty acid (Quinn, 

1982). These unsaturated phospholipids are most subject to lipid 

peroxidation, and this danger is greatest for those cells which are 

in close proximity to molecular oxygen, such as blood cells and 

the cells of lung tissue (Brown, 1983). 

The most characteristics biological damage caused by 

radicals is their ability to initiate the free radical chain reaction 

known as lipid peroxidation. This occurs when the hydroxyl 

radicals are generated close to or within membranes, and then 

attack the polyunsaturated fatty acids of cell membrane 

phospholipids resulting in severe damage to cellular membrane 

organelles and their associated enzymes (Demir et al , 2002). 
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In vitro, irradiation of erythrocytes with doses of 200 and 

500 Gy caused decrease of microviscosity in certain regions of 

lipid bilayer, conformational changes of membrane proteins, 

modifications of cell internal peptides and proteins, and decreased 

internal viscosity of erythrocytes (Gwozdinski, 1991). 

Vicker et al., (1991), provided an evidence for radiation 

action. They mentioned that doses of several Grays can modify or 

destroy sufficient biological molecules of all classes to be 

immediately life-threatening to humans, while a few mili-Grays 

may significantly affect only on DNA, yet severally enough to 

contribute to carcinogenesis and heritable mutations despite the 

relative efficancy to repair the system. They also reported that 

low- and high-dose responses differ, because the former depends 

on the stimulation of critical reactions that amplify the response 

while the latter additionally involves cumulative molecular 

damage and secondary reactions.  

Jian et al., (1993), mentioned also that the erythrocytes 

aggregation and plasma viscosity may be affected by lipid 

peroxidation, which generates malondialehyde (MDA). MDA is a 

bifunctional cross-linker and can react with proteins and 

phospholipids to yield conjugated Schiff-base compounds. So, the 

lipid peroxidation may result in formation of cross-linkages 

between erythrocytes or protein molecules and lead to 

erythrocytes aggregation or increase plasma viscosity.  
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Pribush et al., (1994), reported that in vitro irradiation up 

to 200 Gy causes no significant changes in the constituents of the 

erythrocytes but increases considerably the rate of potassium 

leakage indicating that the major site of radiation damage is the 

cell membrane. 

Lee and Ducoff (1994), postulated that hemolysis of 

erythrocytes can be considered as an example of the interphase 

death of non-dividing cells. They have proposed an approach to 

explain radiation induced hemolysis, which emphasis the 

formation of free radicals, as follows; free radicals formed during 

radiolysis of water can cause a variety of membrane changes 

including lipid peroxidation, hemolysis of phospholipids head 

groups, lipid-lipid crosslinks, disulphide bridge formation and 

amino acid residue damages in membrane proteins, and lipid-

protein crosslinks. The combined effect of free radicals on the 

erythrocytes membrane and cytoskeleton may contribute to the 

eventual leak of hemoglobin out of the cells. They also observed a 

decrease in hemolysis under the influence of fractionated 

radiation doses in the nucleated avian erythrocytes. However, they 

did not observe the same effect in the anucleated rat erythrocytes. 

 The important parameters which determine whole blood 

viscosity are the aggregation and deformability of erythrocytes, 

platelets aggregation and the presence or absence of liquid 

thrombine. Several studies have shown that these parameters can 
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be affected by oxygen-derived radicals or lipid peroxidation.  

Gamma-irradiation of erythrocytes induces alterations at the three 

different functional units of the membrane: 

1- Lipid bilayer.                              

2-Protein components. 

3-Cytoskeleton at the membrane surfaces ( Pribush et al., 

1994). 

Also Riley, (1994), demonstrated that the hydroxyl radicals 

are the most reactive radiolytic species, and are the predominant 

damaging species oxidatively modifying biological molecules. 

 Several conditions have been shown to improve 

erythrocytes quality during storage. These include pre-storage 

white blood cells (WBC) removal, use of washed and WBC 

depleted erythrocytes stored in additive solution, immediate 

refrigeration after collection (improves maintenance of 2,3-DPG 

levels), storage under anaerobic conditions, use of 

antioxidants/agents that protect against oxidative damage, and 

finally, additive solutions with metabolic enhancers (Heaton et 

al.,1994). 

     Anand et al., (1997), hypothesized that in vitro (15, 25, 

50 Gy) gamma-radiation damages erythrocytes membrane by 

producing reactive oxygen species (ROS), which leads to 

peroxidation of membrane lipids and oxidation of membrane-

bound proteins. 
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The amount of extracellular potassium is considered the 

most sensitive parameter to evaluate radiation effects on 

erythrocytes. Extracellular potassium increased both with aging 

and irradiation dose. Shortly after irradiation there is no detectable 

increase in a dose range between 10 and 50 Gy, but high single 

dose of 150 Gy lead to a significant increase of about 50% above 

the initial level. Potassium level increased with storage time both 

in irradiated and non-irradiated samples, but the increase was 

more pronounced after higher initial radiation dose (Weinmann et 

al., 2000). The extracellular levels of LDH (Lactate 

dehydrogenase) and hemoglobin are much less sensitive to 

radiation. No significant changes have been detected in the 

examined dose range (0, 10, 20, 30, 40, 50, and 150 Gy with a 

cesium –137 irradiator) and storage period (Weinmann et al., 

2000). 

  During storage there is morphologic, membranous, and 

metabolic deterioration of the erythrocytes as reflected by loss of 

discoid shape, loss of lipid membrane vesicles, increased levels of 

supernatant hemoglobin (hemolysis) and potassium. These 

changes are likely to decrease the elasticity of the erythrocytes 

and affect their rheological properties ( Hamasaki, 2000). 

Exposure to ionizing radiation leads to structural changes in 

the erythrocytes membrane proteins and a decrease in its 

intramolecular dynamics (Dreval et al., 2000a).  
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Benderitter et al., (2003), studied the human erythrocytes 

membrane and showed that they are altered after exposure to 

relatively low doses of Co60 γ rays. Also lipid peroxidation 

increased in the hours after radiation exposure, based on 

measurement of malondialdehyde (MDA). Protein carbonyl 

content also increased rapidly after radiation exposure. An 

imbalance between the radiation mediated oxidative damaged and 

the antioxidant capacity of the erythrocytes was observed several 

hours after radiation exposure. Antioxidant enzymes activities, 

mainly glutathione peroxidase, were found to decrease after 

irradiation.   

     Herrera et al., (2004), stated that the free radical prefers 

to steal electrons from lipid membranes of cell, initiating a free 

radical attack on the cell known as lipid peroxidation. Reactive 

oxygen species target the C=C double bond of polyunsaturated 

fatty acids so allowing easy dissociation of the hydrogen by a free 

radical so, break down or even hardening of lipids which make up 

all cell walls, if the cell wall is hardened then it becomes 

impossible for the cell to get its nutrients, get signals from other 

cells, perform an action and many other cellular activities can be 

affected. The cell membrane becomes leaky and eventually 

leading to loss of membrane integrity.  

Gamma irradiation induces chemical cross links in the 

DNA of irradiated donor lymphocytes, preventing their 
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proliferation. The recommended dose is 25 Gy with a minimum 

of 15 Gy. Gamma irradiation of all cellular blood components is 

also critical and standard practice in the peri-transplantation and 

post-transplantation periods (Silva et al., 2005). 

Holme, (2005), concluded that  irradiation had a small but 

significant effect on the viability of erythrocytes, and that longer 

storage times after irradiation resulted in progressively reduced 

recovery. 

Anita et al., (2006), investigated the influence of the dose-

rate on radiation-induced membrane damage, hemoglobin 

oxidation and loss of reduced glutathione. Human erythrocytes 

(hematocrit of 2%) were irradiated with γ- rays at three dose-rates 

of 66.7, 36.7, and 25 Gy/min. It has been also observed that 

radiation resulted in conformation changes and increase the 

structural rigidity of the protein molecules of membrane. 

  Hollan (2006), mentioned that peroxidation of membrane 

lipid can have numerous effects including increased membrane 

rigidity, decreased membrane activity bound enzymes (sodium 

pumps), altered activity of membrane receptors and altered 

permeability.                                          

 Gamma irradiation induced enhanced leakage of 

potassium ions and lactate dehydrogenase and an enhanced in 

vitro hemolysis rate in the irradiated components (Zimmermann et 

al., 2009). 
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1.2.3 Antioxidants. 

   The antioxidants are molecules which can safely interact 

with free radical and terminate the chain reaction before vital 

molecules are damaged (Young and Side, 2001). To be efficient, 

antioxidants must exhibit 2 basic properties. First, they should 

react rapidly with oxidant radicals to form a new radical, and   

second, the subsequent radical should be less reactive than the 

preceding radical (Gonzalez-Pereza et al., 200٦). 

The irradiation of aqueous solutions can lead to the 

generation of reactive oxygen species (ROS) such as the hydroxyl 

radical which is a powerful oxidant and can interact with lipids 

and proteins in the membranes of erythrocytes. (Singh and Singh , 

1982). It was reported that the increase in the extracellular 

potassium concentrations of erythrocyte preparation on 

photosensitization resulted from the oxidative damage of 

erythrocyte membranes by ROS, which produced by 

photosensitization. Furthermore, that increase was sufficiently 

inhibited by the addition of an antioxidant before the 

photosensitization (Ben-Hur et al., 1995; vanSteveninck et al., 

2000). 
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1.2.4 Classification of Antioxidants. 

  Antioxidant classified into enzymatic and non enzymatic 

antioxidant (Sies, 1991). 

a) Enzymatic antioxidant 

• Superoxide dismutase (SOD) is a very important enzyme that 

functions as a cellular anti-oxidant. It is present in cytoplasm and 

in mitochondria to maintain a low concentration of superoxide 

anions (Getzoff et al., 1983). 

• Glutathione peroxidase is a cytoplasm and mitochondrial 

enzyme that is important for detoxifying H2O2 in most cells 

(Packer, 1994). 

• Catalase (CAT) provides a protective role that is similar to that 

of glutathione peroxidase because both are important means of 

removing hydrogen peroxide. Both catalase and glutathione 

peroxidase are important in hydrogen peroxide detoxification 

(Baud et al., 1986).  

b) Non-enzymatic antioxidant 

• Vitamin E is the major naturally occurring antioxidant 

protecting tissue from adverse effect of oxidative stress including 

photo aging (Nachbar and Korting, 1995).       
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• Ascorbic acid (vitamin C) is antioxidant for all cells. It plays 

an important role in the prevention of tissue damage. It could 

protect DNA from free radical damage (John, 1995). 

• Melatonin is a very potent and efficient antioxidant, it confer 

protection against the oxidative damage through its indole 

structure which allow it to act as free radical scavenger (Hara and 

Reiter, 1997). 

1.2.5 Alpha-Lipoic acid. 

α-Lipoic acid (ALA) is considered an important non-

enzymatic antioxidant that may be of therapeutic value in some 

pathologic conditions related to the overproduction of oxidant 

radicals (Packer et al., 1995). It was found in wheat germ, beer 

yeast, and red meat. Antioxidant effects of ALA or its derivatives 

occur both in the hydrophilic phase and in the hydrophobic 

membrane portion (Kagan et al., 1992).  The chemical Structure 

of α-Lipoic Acids illustrated in figure 1. 

 

 

Fig. 1: Chemical Structures of α-Lipoic Acids. 
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Alpha-Lipoic acid (ALA) is unique, among antioxidant 

molecules, because it retains protective functions in both its 

reduced and oxidized forms. Antioxidant activity is a relative 

concept. It depends on the kind of oxidative stress and of 

oxidative substrate. According to Packer et al., (1995), when they 

evaluate the antioxidant potential of a compound, criteria such as 

(a) specificity of free radical scavenging, (b) interaction with 

other antioxidants, (c) metal-chelating activity, (d) effects on gene 

expression, (e) bioavailability, (f) location (in aqueous or 

membrane domains, or both), and (g) ability to repair oxidative 

damage have to be taken into consideration. An antioxidant needs 

only to meet a few of the previous mentioned criteria to play an 

important role in the detoxification of oxidative stress. An ‘ideal’ 

antioxidant would fulfill all the above criteria. The ALA couple 

approaches the ideal. It can be considered the ‘universal 

antioxidant (Packer et al.,1995). 

In a wide variety of tissues and cells, ionizing radiation has 

been shown to enhance the production of reactive oxygen species 

(ROS) that can induce oxidative changes to vital cellular 

molecules including proteins and lipids (Berlett and Stadtman, 

1997).  

In order to overcome the potential harmful effect of free 

radicals and to reduce damage by oxidants, a variety of 

pharmacological antioxidants such as ceruloplasmin, transferrin, 
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edaravone, and melatonin have been examined (Manda and 

Bhatia, 2003a, Anzai et al., 2004). In addition, several 

provitamins and vitamins have been found to be potent 

radioprotectors (Manda et al, 2007).  

The extent of tissue damage is the result of the balance 

between the free radicals generated and the antioxidant defense 

system. It was recorded that gamma-radiation cause a decrease in 

antioxidase activity and increase in free radicals. This imbalance 

may be the main cause of irradiation induced peroxidation and 

damage to cell activity (Hui et al., 1996 and Chen et al., 1997).  

 Lipid peroxidation within the membrane has a devastating 

effect on the functional state of the membrane because it alters 

membrane fluidity, typically decreasing it and thereby allowing 

ions such as Ca2+ to leak into the cell. The peroxyl radical formed 

from lipid peroxidation attacks membrane proteins and enzymes 

and reinitiates lipid peroxidation (Manda et al., 2007). 

  Noaman et al., (2002), reported that antioxidant 

pretreatments before irradiation may have some beneficial effects 

against irradiation-induced injury. They also indicated that 

selenium and vitamin E act alone and in an addition fashion as 

radioprotecting agents. They also suggests that selenium confers 

protection in part by inducing or activating cellular free radical 

scavenging systems and by enhancing peroxide breakdown, 
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whereas vitamin E appears to confer its protection by an alternate 

complementary mechanism. 

Mishra, (2004); Prasad et al.(2004) and Gilgun-Sherki et 

al., 2004, mentioned that the antioxidant defense system is 

developing during the animal lifetime in order to protect 

biological membranes as well as the important biomolecules from 

damages due to the high reactive oxygen species and free radicals. 

Under normal conditions this system preserves a stable 

equilibrium between production and scavenging free radical 

species.    

There is general agreement about the antioxidant properties 

of α-lipoic acid. It scavenges hydroxyl radicals, hypochlorous 

acid, and singlet oxygen (Lester et al., 1995). 

Many investigators have demonstrated that hydroxyl 

radical causes oxidative modification of amino acid residues of 

proteins. Cross linking and fragmentation of the proteins result in 

loss of function and increased susceptibility to proteases or 

proteolysis (Wolff and Dean, 1986). 

Radiation induces decrease in non-protein sulfhydryl 

content (NPSH) level which can be ameliorate by α-lipoic acid 

pretreatment, which further validates the hypothesis that α- lipoic 

acid may scavenge the free radicals formed during oxidative 

stress. NPSH is a term used to encompass all low-molecular-

weight thiol compounds (Jacobson et al., 1990). 
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The ameliorating action of α-lipoic acid against radiation-

induced lipid peroxidation is due to its free-radical scavenging 

properties (Wollin et al., 2003; Di Stefano et al., 2006). 

In addition, Manda et al.,  (2007), also provided an indirect 

indication that α-lipoic acid can cross all the physiological 

barriers as it afforded significant radioprotection in a wide variety 

of tissues such as brain, liver, spleen, kidney, and testis. Among 

all the tissues, brain was found to be most susceptible to 

radiation-induced changes in lipid peroxidation. 

Also, Manda et al., (2007), reported that, α-lipoic acid 

confers considerable radioprotective effect in mouse tissues when 

given prior to X-irradiation. In their study, α-lipoic acid 

supplementation prior to X-irradiation with 4 and 6 Gy 

significantly inhibited the radiation induced decline in total 

antioxidant capacity of plasma.  

Radiation-induced decline in non-protein sulfhdryl content 

of different tissues, namely, brain, liver, spleen, kidney, and testis, 

was also ameliorated significantly at both 4 and 6 Gy doses. 

Maximal augmentation of radiation-induced protein carbonyl 

content was observed in spleen followed by brain, kidney, testis, 

and liver. Maximal protection in terms of carbonyl content was 

observed in spleen (116%) at 6 Gy, and minimal protection was 

found in liver (22.94%) at 4 Gy dose. Maximal increase in 

malondialdehyde (MDA) content was observed in brain, followed 
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by testis, spleen, kidney and liver. Protection by α- Lipoic acid 

pretreatment in terms of MDA content was maximal in brain 

(51.67%) and minimal in spleen. The findings support the idea 

that α- Lipoic acid is a free radical scavenger and a potent 

antioxidant (Manda et al., 2007).   

 The in vitro incubation of β-thalassemia and irradiated 

blood with α-lipoic acid lessened the Electron paramagnetic 

resonance (EPR) signals intensity. However, the two cases are 

completely different. In β-thalassemia, the oxidative stress was 

found prior to the incubation with α-lipoic acid, while, the 

irradiated samples were incubated before the exposure to gamma 

radiation. This effect can be explained by the ability of α-lipoic 

acid to exert multiple effects in order to diminish the oxidative 

stress. It can chelate the iron, scavenge the reactive oxygen 

species and repair oxidative damage. The advantage of using α-

lipoic acid lies in that it is capable of regenerating endogenous 

antioxidants in the body including vitamin C, vitamin E and 

intracellular reduced glutathione (GSH) ( Desouky et al., 2008)       

Although ALA is recognized as a universal antioxidant, 

with abilities to scavenge free radicals in aqueous and non-

aqueous phases, its main efficiency is derived from its ability to 

minimize peroxynitrite-induced damage efficiently. This indirect 

efficiency is attributed to its ability to regulate glutathione-S-

transferase (GST) activity. Through the up-regulation of this 
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enzyme, cellular and organelle membranes would be protected 

from synthetic peroxides, oxidized lipids and the cytotoxicity of 

hydrogen peroxide (Siti et al., 2008).       

Ghibu et al., (2009), concluded that because of their ability 

to scavenge free radicals, ALA and to an even greater degree 

Dihydrolipoic acid (DHLA) were able to protect the membrane of 

erythrocytes. This finding suggests that ALA and DHLA might be 

useful in the treatment of diseases associated with oxidative stress 

such as diabetes.  
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Theoretical Aspects 

2.1 Blood 

Blood is the bodily fluid responsible for transport of 

materials and waste products throughout the body. It carries 

oxygen from lungs to tissues and carbon dioxide from tissues to 

lungs, nutrients from the digestive system or storage sites to 

tissues that require them, and waste products from the tissues to 

the liver for detoxification and to the kidneys for disposal. Blood 

delivers hormones to their sites of action and circulates numerous 

critical parts of the immune system throughout the body. Blood 

regulates its own pH, as well as that of the intercellular fluid in 

the body, and aids in thermoregulation by redistributing heat. 

Blood also carries the proteins and other factors it needs to clot, 

thereby preventing its own loss in the event of injury to the 

vessels in which it travels. 

 A human adult has 4 to 6 liters (1 to 1.5 gallons) of blood, 

approximately 92 percent of which is water. Nearly half its 

volume is erythrocytes. Proteins, sugars, salts, white blood cells, 

and platelets make up the remainder. The noncellular portion is 

termed plasma, while the cellular parts are collectively referred to 

as the formed elements. Blood is formed in the bone marrow, a 

spongy tissue contained in the bones (Linne and Ringsrud, 1992). 
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2.2 Erythrocytes: 

    Erythrocytes are highly specialized cells that carry oxygen 

from the lungs to tissues and allow carbon dioxide (CO2) to move 

from tissues to the lungs. Mature erythrocytes are biconcave discs 

about 8 µm in diameter and 2 µm in thickness as shown in figure 

2.1. The unique shape and structure of erythrocytes confer 

mechanical properties to these cells.  

 

 

1-2μm 2-2.5μm 

 5-6μm  

7.5-8.5μm

 

Fig. 2.1: Biconcave shape of erythrocytes (Mohandas, 

et al., 1983; Chien, 1987; Mohandas and Chasis, 1993).  
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2.2.1- Structure of the erythrocyte: 

    The plasma membrane, which is a biological membrane, 

encloses every cell, compartmentalizing cells and thereby 

maintaining the differences between cells and the environment. 

The mammalian erythrocytes are an unusual cell, its shape is like 

a disk with a biconcave cross section resembling a dumbbell. It is 

highly specialized for the synthesis of one predominant protein 

species, hemoglobin, which fills the cell interior. The erythrocytes 

become essentially a container for the transport of oxygenated 

hemoglobin to the tissues and co2 from tissues to the lungs.      
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Fig. 2.2: Erythrocytes membrane and cytoskeleton. 

          The mature erythrocyte no longer divides and has a limited 

life span (about four months in humans). This eliminates the need 

for the cytoplasmic structures required for a large part of 

macromolecular synthesis. The remaining cellular envelope 

consists of a lipid bilayer with associated proteins as shown in 

figure 2.2. About one half the mass of the envelope is made up of 

lipids, mainly phospholipids and cholesterol, the other half is 

made up of proteins. About one half of the proteins are embedded 

into the lipid bilayer (integral proteins), the rest of the proteins are 
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more loosely attached to the inner surface of the erythrocytes 

membrane (peripheral protein) (Branton et al., 1981; Cohen, 

1983).  

      This envelope must have considerable mechanical strength.    

During its existence, the erythrocytes must withstand great 

shearing forces as it travels many hundred of miles through the 

circulatory system. To pass the capillary bed the erythrocytes 

must be deformed. A too readily deformed envelope would be 

easily injured under the stress, resulting in hemolysis (Gratzer, 

1981).                                                                          

       The lipid of the erythrocyte membrane is in a dynamic state, 

which is one of the important characteristics of the fluid mosaic 

model. Membrane fluidity is defined first by the mobility of 

molecules relative to each other and second by the redistribution 

of molecules in the plane of the lipid layer.                                                                            

        Peripheral proteins are defined by their loose association 

with the cell surface. These proteins can be dissociated without 

affecting the integrity of the membrane. Conversely, almost all 

the membranes including lipids and integral proteins can be 

dissolved by the detergent Triton X-100. The five major 

peripheral proteins isolated and partly characterized from this 

skeleton are spectrin, actin, ankyrin, and the bands 4.1 and 4.9 

proteins (Bennett, 1985; Marchesi, 1985; Bennett et al., 1986).        

Together these proteins form a molecular network that is attached 
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to the cytoplasmic face of the membrane and determines certain 

membrane properties. 

2.2.2 The protein components of the 

erythrocyte membrane: 

        According to their location, the membrane proteins are 

classified into two groups: the integral proteins and the peripheral 

proteins. The integral proteins penetrate through the lipid bilayer 

and are divided into tow classes:  

(1) The proteins that cross the bilayer with a single segment (i. 

e., α− helix of some 20 amino acids), e. g., glycophorins. 

(2) The proteins that form a channel with multiple spanning 

segments and serve as the transport proteins, e. g., band 3 proteins 

(anion channel). 

Band 3 is the most abundant polypeptide of the human 

erythrocytes membrane, comprising about 25% of the total 

membrane protein. It is the major anion transport protein of the 

erythrocytes membrane (Jennings, 1985). It is also believed that it 

facilitates the movement of water across the erythrocytes 

membrane (Benz et al., 1984). Band 3 functions as an anchoring 

component to connect cytoplasmic proteins and cytoskeletal 

elements to the membrane (Low, 1986). 

       Peripheral proteins form a molecular network that is attached 

to the cytoplasmic face of the membrane and determines certain 
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membrane properties. This network is called the cytoskeleton, the 

membrane skeleton, or the erythrocytes reticulum . 

      Interactions with cytoskeleton elements reduce the lateral mobility 

of the membrane components; the mechanical properties of the 

cytoskeleton restores the shape of the erythrocytes after mechanical 

deformation during passage through the capillaries (Herrmann, 1989). 

The most prominent protein among the cytoskeleton proteins of the 

erythrocyte is spectrin, the disorganization of spectrin network in 

mature erythrocytes leads to an increased molecular mobility in the 

outer layer of the membrane, while attachment to lipid decreases lateral 

mobility. The key role of spectrin in the maintenance of the 

erythrocytes has become evident through the identification of binding 

sites for other peripheral proteins on the spectrin molecule. Through 

these interactions, spectrin links the peripheral proteins into a network 

of protein molecules and attaches them to the membrane (Bennett and 

Branton, 1977; Shotton et al., 1978). It was also suggested that 

spectrin contributes to the maintenance of both the asymmetry of 

the lipid organization in the erythrocytes bilayer and to the 

lowering in some form of molecular mobility (Williamson et al., 

1982). 
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2.2.3 Erythrocyte deformability:  

 Deformability is a term used to describe the structural 

response of a body or cell to applied forces. Normal erythrocytes 

are highly deformable bodies and tend to orient themselves with 

the flow streamlines, especially if the shear forces are high 

enough to slight deform these cells (Baskurt and Meiselman, 

2003). 

        Erythrocytes respond to applied forces by extensive changes 

of their shape, with the degree of deformation under a given force 

known as erythrocytes deformability. The extent and geometry of 

these shape changes are functions of the magnitude and 

orientation of the applied forces, with erythrocytes cellular 

properties as important determinants of the degree of deformation 

under a given stress. Erthrocytes behave as elastic bodies, and 

thus the shape change is reversible when the deforming forces are 

removed (Evans and LaCelle, 1975). 

      Erythrocytes also exhibit viscous behavior and thus respond 

as a viscoelastic body. In addition, the erythrocytes membrane can 

exhibit plastic changes under some pathological circumstances 

and can be deformed by excessive shear forces. 
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         Rather, it is now generally accepted that the erythrocyte 

membrane cytoskeleton is mainly responsible for the maintenance 

of biconcave-discoid shape (Hochmuth and Waugh, 1986).  

      The erythrocyte membrane cytoskeleton is a network of 

proteins laying just beneath the cell membrane, with the protein 

spectrin the most important component of this network (Lux, 

1979).  

     The spectrin network is attached to the membrane integral 

proteins such as band 3 and glycophorins. In addition to 

membrane elastic and viscous properties as determinants of 

erythrocytes deformability, two additional factors also contribute 

to this cellular property (Mohandas, et al., 1983): 1) the 

cytoplasmic viscosity of erythrocytes, and 2) the biconcave 

discoid geometry.  

   Erythrocytes deformability can be assessed by monitoring the 

passage of erythrocytes through cylindrical pores with diameter 

smaller than the size of erythrocytes (Chien, 1977). 

     Erythrocyte deformability has significant effects on flow 

resistant in all areas of the vascular system (Chien, 1987). 

      In large blood vessels, deformable erythrocytes are easily 

oriented in the flow streamlines and thereby reduce blood 

viscosity; impaired erythrocyte deformability limits cell 
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orientation in flow and thus increases blood viscosity (Chien, 

1975). 

    In the true capillaries, where the erythrocytes must deform to 

enter the transit vessel smaller than the resting cell diameter, 

erythrocytes deformability is the most important factor affecting 

the flow of blood (Secomb and Hsu, 1997; Parthasarathi and 

Lipowsky, 1999).  

2.3 Types of radiation: 

Radiation is the emission or transfer of radiant energy in 

the form of waves or particles. Radiation is a form of energy. 

There are two basic types of radiation, ionizing and non ionizing 

radiation. The difference between these two types is the amounts 

of energy they have. Ionizing radiation is a radiation emitted by 

radionuclides, which are elements in an unstable form. It can 

cause structural changes by removing electrons from atoms and 

leaving behind a changed atom in to ion. Ionizing radiation is 

high-energy radiation that has the ability to break chemical bonds, 

cause ionization and produce free radicals that can result in 

biological damage. Non-ionizing radiation doesn't result in 

structural changes of atoms (it doesn't cause ionization). Non 

ionizing radiation includes radiation from light, radio waves and 

microwaves. Non-ionizing radiation does not have enough energy 

to cause ionization but disperses energy through heat and 

increased molecular movement (Prasad, 1984). 
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Ionizing radiations consistes of both particles and 

electromagnetic radiation. The particles are further classified as 

electrons, protons, neutrons and alpha particles depending on their 

atomic characteristics. The most common electromagnetic 

radiation with enough energy to produce ions, break chemical 

bonds and alter biological function is X-rays and gamma rays. 

Exposure to such radiation can cause cellular changes such as 

mutations, chromosome aberration and cellular damage (Morgan, 

2003). 

A gamma ray is a packet of photon of electromagnetic 

radiation emitted from the nucleus during radioactive decay and 

occasionally accompanying the emission of an alpha or beta 

particle. Gamma rays are identical in nature to other 

electromagnetic radiations such as light or microwaves but are of 

much higher energy. Examples of gamma emitters are cobalt-60, 

zinc-65, cesium-137 and radium-226. 

Like all forms of electromagnetic radiation, gamma rays 

have no mass or charge and interact less intensively with matter 

than ionizing particles. Because gamma radiation loses energy 

slowly, gamma rays are able to travel significant distances. 

Depending upon their initial energy, gamma rays can far travel 

tens or hundreds of feets in air. Gamma radiation is typically 

shielded using very dense materials (the denser the material, the 

more chance that gamma ray will interact with atoms in the 
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material). Several feets of concrete or a thin sheet of a few inches 

of lead may be required to stop the more energetic gamma rays 

(Turner, 1995). 

2.4  Interaction of Gamma radiation with 

materials: 

2.4.1  Photoelectric effect    

      The photoelectric absorption process is one in which 

incoming photon interacts with an orbital electron of the 

scattering atom, the incoming photon disappears and a photo-

electron is ejected from its orbital position in the K,L or M shells 

of the atom. The orbital position vacated by the photoelectron is 

filled by an electron from an outer orbital, the result of this orbital 

shift is the emission of a photon, the energy of which is the 

difference in the orbital binding energy of the photoelectron and 

the orbital binding energy of the electron filling the vacated 

orbital. The energy of the incoming photon is hυ. If this photon is 

to interact with an orbital electron, the energy of the photon must 

be equal to or exceed the binding energy (B.E.) of the electron 

that is displaced.         
The kinetic energy (KE) of the photoelectron is equal to:           

KE = hυ -b.e………… (2.2)  

Where: 
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B.E.→ is the binding energy for the appropriate orbital 

electron that has appeared as a photoelectron.                                           

hυ→ the energy of the incoming photon.  

 

Where: 

h is The Planck constant. 

 υ is the frequency. 

 
Fig 2.3: The Photoelectric Effect. 

 

2.4.2  Compton scattering process. 

        Is an elastic collision between the incident photon and a 

loosely bound electron. 

      In the Compton process, the electron binding energies are very 

small (free or nearly free electron)    

 

   

Ee= hυ - hυ-………….. (2.3) 

Where: 
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hυ → incident photon energy 

hυ-→ recoil photon energy 

Ee → energy of the recoil electron 

 

Fig 2.4: The Compton Effect. 

 

2.4.3  Pair Production. 

      Gamma-rays with energy greater than about 1.02 Mev may 

interact with an atomic nucleus to form an electron positron pair. 

The gamma-ray energy is completely converted into the mass and 

kinetic energy of the electron and positron with only a very small 

amount going to the nucleus in order to conserve momentum.  

    All of the above reactions result in the production of either 

energetic electrons or electrons and positrons and it is these that 
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produce the ionization, which leads to harmful effects in living 

tissue (Alpen, 1990). 

 

Fig 2.5: Pair Production. 

 

2.5   Biological effects of ionizing radiation. 

When the living organisms are exposed to ionizing 

radiation, they could be affected either directly or indirectly or by 

both effects. The effects of radiation on biological matter have 

been studied extensively. Mettler and Mosely (1987) published a 

comprehensive account of how radiation interacts with biological 

matter. 

According to Mettler and Mosely (1987), when a cell or 

tissue is exposed to radiation, several changes occur, e.g. 

1- Damage to the cell membrane through lipid peroxidation. 
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2- Damage to either one or both strands of deoxyribonucleic acid 

(DNA). 

3- Formation of free radicals causing secondary damage to cells. 

Hence, radiation can lead to damage in two ways: 

2.5.1 Direct interaction: 

In direct interaction, a cell's macromolecules (proteins or 

DNA) are hit by ionizing radiation, which affects the cell as a 

whole, either killing the cell or mutating the DNA (Nais, 1998). A 

major mechanism of effect is the ionizing damage directly 

inflicted up on the cell's DNA by radiation (Ward, 1988; Nelson, 

2003). 

  Mettler and Moseley (1987), suggest that if only one strand 

of DNA is broken by ionizing radiation, repair could occur within 

minutes. However, when both strands of DNA are broken at about 

the same position, correction would be much less likely but if 

there are a large number of ionizations in a small area (more than 

one single break in the DNA strand), the local cell repair 

mechanisms become overwhelmed. In such cases the breaks in 

DNA may be unrepaired, leading to cell mutations (Altman and 

Lett, 1990). Unrepaired DNA damage is known to lead to genetic 

mutations, apoptosis, cellular senescence, carcinogensis, and 

death (Oh et al., 2001). 
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2.5.2 Indirect interaction: 

Ionizing radiation effects indirectly, via the formation of free 

radicals (highly reactive atoms or molecules with a single 

unpaired electron). These radicals may either inactivate cellular 

mechanisms or interact with the genetic material (DNA). The 

ionizing effects of radiation also generate oxidative reactions that 

cause physical changes in proteins, lipids, and carbohydrates, 

impairing their structure and/or function (Lehnert and Iyer, 2002; 

Spitz et al., 2004). Indirect interaction occurs when radiation 

energy is deposited in the cell and the radiation interacts with 

cellular water rather than with macromolecules within the cell. 

The reaction that occurs is hydrolysis of water molecules, 

resulting in a hydrogen and hydroxyl OH- (free radical) 

molecules. 

 H2O (molecule) + ionizing radiation                H+    +    OH- 

Recombination of: 

      H+     +    H+                   H2 = (hydrogen gas)  

      H+   + OH-                         H2O = ( water ) 

      Antioxidants can recombine with the OH- free radical and 

block hydrogen peroxide formation. If not, then two hydroxyl 

OH- (free radical) molecules could undergo the following: 
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 OH-   + OH-               H2O2         (hydrogen peroxide formation) 

  H2O2                 H+ + HO2-     

     HO2- is an unstable peroxide which may interact with any 

organic molecule such that 

  HO2- + organic molecule                 stable organic 

peroxide which leads to           Lack of essential enzyme                  

Eventual cell death is possible (Dowd and Tilson, 1999). 

 

 

 

 ٤٢



Chapter (3)                                      43         Materials and methods  

Materials and methods 

3.1 Materials 

Bags of erythrocytes were obtained from the Egyptian Red 

Crescent Blood Bank and the experiments were carried out at the 

third day after withdrawal of blood. Erythrocytes were selected on 

the basis of the following eligibility criteria:-  

 1. Adult male aged from 20-35 years.  

2. The ABO blood type system (or blood group system) in 

was A- positive group, negative for HBSAg (Hepatitis B 

surface antigen which is a marker of infectivity. Its 

presence indicates either acute or chronic HBV infection), 

HCV, HIV and syphilis. 

3. The whole blood units were stored in blood bags 

containing 70 ml CPDA-1(citrate-phosphate-dextrose 

adenosine) for 3 days at 2-6 oC. 

The cells were divided into 8 groups: 

1. Control group: kept non-irradiated as normal control group.   

2. Treated group (positive control): incubated with α- lipoic 

acid of concentration 123 µmol/l. 

3.  Three Irradiated groups: with 25, 50, 100 Gy gamma 

radiation. 

4. Three treated irradiated group: with α- lipoic acid (123 

μM/L) and irradiated with 25, 50, 100 Gy gamma rays. 
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3.2 Chemicals: 

D1-Alpha lipoic acid (M.W. 206) was purchased from 

Fluka Biochemica. Sulfoxide dimethylsulfoxide (DMSO) (M.wt. 

78.13) was purchased from Riedel-Dehaen, and glucose 5%. 

   ٣٫٣  Preparation of Erythrocyte Samples:

Erythrocytes were washed in phosphate-buffer saline 

(PBS) and centrifuged at 3,000 rpm for 10 minutes at 4
 0C, and 

then the supernatant was removed to obtain the packed cells. 

Separated erythrocytes were suspended to 20% haematocrit in 

PBS containing 2mM glucose 5% (prepared for intravenous 

infusion sterile pyregen free), lipoic acid was dissolved in 

dimethylsulphoxide (DMSO) and was added to the erythrocytes 

suspension to give final concentration 123 µmol/l. The test tubes 

were incubated in water bath at 35 0C for 30 min. After incubation 

the samples were centrifuged at 3,000 rpm for 10 min at 4
 0C to 

obtain packed erythrocytes, 45% suspension in PBS was prepared 

for experimental investigation by modification of Selvaraj et al., 

(2006). 

   3.٤ Gamma Irradiation: 

The irradiation process was carried out at the National Center 

for Radiation Research and Technology (NCRRT). For 25 Gy 

gamma ray irradiation a Cesium-137 (Cs -137) source was used at 

dose rate 0.00845 Gy /s, while  Cobalt-60 (60Co) source was used 
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for 50 and  100 Gy gamma radiation, at dose rate of  0.562 

kGy/hr.  the two sources are illustrated in figure 3.1and 3.2 . The 

dose rate was calibrated at the beginning of the experimental work 

by the Egyptian High-Dose Reference Laboratory. The test 

parameters in this study were carried out immediately after 

irradiation. 

 

  Fig. 3.1: Ceasium Gamma Cell 
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 Fig. 3.2 Cobalt-60 Gamma Cell 
3.5 Scanning Electron Microscopy (SEM):  

The morphology of fresh and stored erythrocytes was studied 

using scanning electron microscope according to Richards et al., 

(2007) as follows:  

Three drops of erythrocytes suspension were added directly 

from the syringe to 5 ml of 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer, pH 7.4, within seconds of being withdrawn, 

Fixation was allowed to proceed for at least 24 hr before 

processing. The cells were washed twice in cacodylate buffer, 

dehydrated with two washes in 70% ethanol, two washes in 95% 
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ethanol, two washes in absolute ethanol and two washes in 

acetone. 

One drop of the cell suspension was applied to an acetone-

washed coverslip and allowed to dry. These preparations were 

stored in a dessicator until microscopy could be performed. The 

coverslip was fixed to an aluminum stub using a colloidal silver 

adhesive and gold coated using a sputter coater. Electron 

microscopy was carried out by using a Jeol Model JSM-5400 

scanning electron microscope at The National Center for 

Radiation Research and Technology (NCRRT) which illustrated 

in (fig. 3.3). The cells in the digital images were examined 

macroscopically and classified according to their shapes.  

 

Fig. 3.3 Scanning Electron Microscopy (SEM)  
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3.6 Dielectric Measurements : 

The dielectric measurements were performed using LCR 

meter type HIOKI 3531 which showed in figure 3.4, 

manufactured in Japan, in the frequency 40 kHz to 5 MHz.  The 

measuring cell is a parallel plate conductivity cell with platinum 

electrodes with area 4 cm2 and separating distance 2 cm. The 

measured are the dielectric constant (εs), area under loss curve, 

relaxation time (τ) , AC conductivity at 5 MHz (σ) , Cole-Cole shape 

factor (α), and effective capacitance (Ceff) for normal, irradiated, 

incubated with ALA and irradiated with α- lipoic acid groups. 
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Fig. 3.4 : LCR Meter. 
 

The erythrocytes were suspended in isotonic PBS, and the 

hematocrit was adjusted at 3%. The samples were incubated in 

water bath at 37oC during measurement. 

To reduce the electrode polarization the following steps were 

carried out: 

1- The electrodes were made from platinum metal, which is 

known to have the lowest possible impedance (Schwan, 2004). 

They were coated with platinum black layer (Iwamoto and 

Kumagai 1998). 

2-  A usual compromise for low frequency measurements of 

conducting samples is to use a cell with ratio of the electrode 

area to inter-electrode spacing ratio about unity. This is 

because precise measurements of the sample properties can 

 ٤٩



Chapter (3)                                      50         Materials and methods  

only be achieved when the impedance of the sample is larger 

than or at least comparable to the impedance of the electrode 

(Grosse and Tirado 2002). 

3-  The cell size is preferred to be made as big as possible in 

order to decrease the electrode impedance. Usual volumes are 

of the order of a few cubic centimeters (Grosse and Tirado 

2002). The sample volume in this study was 8 cm3. 

4- The wire of the measuring cell was made from coaxial 

shielded silver wire, to eliminate stray capacitance. 

The relative permittivity ε' can be calculated as follows: 

Aoε
ε =' dC                                                                    (3.1)                                                        

where A is the area of the electrode, d is the distance 
between the two electrodes, C is the measured electrical 
capacitance and εo is the vacuum permittivity.  

The permittivity can be expressed in complex quantity as: 

ε* = ε' – jε"                                                              (3.2)                                                         

The real part represents the permittivity constant and is given by: 

  221
'

τω
εεεε

+
+= ∞

∞
s −

                                                 (3.3)                                                        

where εs is the limiting low frequency permittivity, and  ε∞ is the 
permittivity value at the end of the dispersion, τ   is the relaxation 
time (=1/2πfc), fc is the characteristic or resonance frequency .The 
imaginary part ε" (the dielectric loss) is given by: 
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= ∞s                                                   (3.4)                  

                                                                                     

Equations (3.3) and (3.4) are commonly known as the 
Debye's dispersion formulas. The conductivity σ can be given by: 

A
G=σ d                                                                    (3.5)                                                        

 Where G is the measured conductance, to separate the AC 
conductivity component from the total conductivity measured 
(DC and AC) the following relationship is applied (Park et al., 
2003): 

σAC = ω εo ε''                                                            (3.6)                                                        

where  ε" = ε' tan δ, and the dissipation factor satisfies the 
following relation: 

G
Cfπδ 2tan =                                                 (3.7)                                       

Where f is the frequency (Hz). The dispersion of 

erythrocytes suspension shows slight deviation from simple 

Debye type, and the empirical Cole-Cole equation is commonly 

applied: 

ε
αωτ

ε
εε −

∞
∞ +

+= 1
*

)(1 i
o − )(                                     (3.8)                                                         

where α is an experimental parameter, its value lies 

between 0 and 1. Several methods have been proposed for the 

evaluation of the Cole-Cole α parameter. In this study, the 
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geometrical method applied by Ülgen and Sezdi 1998 was used. 

In the Cole-Cole plot shown in (Fig.3.5) the imaginary part is 

maximum at the characteristic frequency ωc (=2πfc) which can be 

determined as follows:  

 

   Fig. 3.5 the depressed Cole-Cole plot 

    αωτ −= 1)(
u
v

                                                           (3.9)                                            

By plotting ln 
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

u
v

  with x-axis against ln ω yields a 

straight line, its intersection  is (1-α ) lnτ  , and the slope is (1-α), 

where: 

22 )'()''( εεε ο −+=v                                       (3.10)                                           

22 )'()''( ∞−+= εεεu                                         (3.11)                                          
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The value of α lies between 0 and 1 depending on distribution 

of relaxation times. If a symmetrical distribution of relaxation 

times occurs the value of α  tends to zero and If asymmetrical 

distribution of relaxation times occurs the value of α  tends to 

(Powell and Rosenberg, 1970). The calculated results showed 

symmetrical distribution of relaxation times 

The complex electrical impedance is represented by a 

combination of Ri and Re, the resistances of intracellular and 

extracellular fluids and the effective capacitance Ceff (figure 3.6) 

where capacitive effects of cell membrane are usually lumped in 

constant phase angle impedance (ZCPA): 

where 

ZCPA = K (jω)−α                                                                                                           (3.12) 

Where k is a constant with dimensions of (Ω s−α). The equivalent 

circuit is shown in fig. 3.6. 

 

 

Ceff Ri

Re
 

 

 

 

 
 
 
Fig. 3.6 Electrical equivalent circuit for biological cell 
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The Cole-Cole parameters; Ri, Re, the characteristic frequency fc 

and the phase angle α satisfy the following equation: 

α

ο

ω)(1

*

j
K

RR
RR

RZ
ei +

+

−
+= ∞

∞                                     (3.13) 

Where α ≤ 1, 
ie

ie

RR
RR

R
+

=∞

. , Ro=Re. Where, Ro and R ∞ are the 

resistances at f =0 and f = ∞  respectively, and they are related to 

the effective membrane capacitance by: 

)1/(1)(2
1

απ −+
=

eic
eff RRf

C                                                 (3.14) 

Both Ceff and α were shown to be correlated to changes in the 

erythrocytes properties (Ülgen and Sezdi 2007). 

 

 

3.7 Determination of the Rheological Properties 

of Erythrocytes Suspension. 

In order to determine the rheological properties of  a fluid 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 shown in figure 

3.7 . It is a cone-plate viscometer that measures fluid parameters 
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of shear stress and viscosity at given shear rates. The principle of 

operation of the DV-III is to drive a spindle (which is immersed 

in the test fluid) through a calibrated spring. The viscous drag of 

the fluid against the spindle is measured by the spring deflection. 

Spring deflection is measured with a rotary transducer. The 

measuring range of the DV-III (in centipoise) is determined by the 

rotational speed of the spindle, the size and shape of the spindle, 

the container of the spindle is rotating in, and the full scale torque 

of the calibrated spring. The data was collected from the 

rheometer by means of software program “Rheocalc for 

Windows". According to the principle of the cone-plate 

rheometer, rotation of a flat cone upon a plane surface (the plate) 

at different selected speeds of rotation (different shear rates) takes 

place fig. (3.3). 
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 Fig. 3.7  Brookfield DV-III Cone plate rheometer 
 

A small sample of erythrocytes suspension between the cone 

and the plate offers a resistance to the rotation of the cone and 

develops a torque to a degree that is a function of the shear stress 

in the erythrocytes suspension as shown in figure (3.8). Knowing 

the geometrical constants of the cone, and observing the rate of 

rotation and the torque, we can determine separately the shear 
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stress (F), and shear rate (S) in the sample as follows (Macosko, 

1994): 

F = 3M / 2πR3            and         S = Ω / α                         (3.15) 

where: 

M is the experimentally measured torque. 

Ω is the angular velocity. 

α is cone-plate angle. 

R The radius of the spindle 

By changing the number of revolutions per minute and thereby 

the rate of shear, a series of values of the shearing stress can be 

obtained, and by plotting these values against one another the 

rheological characteristics of the erythrocytes suspension  can 

then be defined directly in terms of a shear  stress and shear rate 

diagram. Erythrocytes suspension exhibit non-Newtonian 

behavior, its flow curve (viscosity against shear rate) shows that 

the erythrocytes suspension viscosity decreases as the shear rate 

increases figure (3.9). It can be divided in to two regions: the low 

shear rate up to 100 s-1, and high shear region; from 100 s-1 up to 

the shear rate at which no further reduction in viscosity is 

obtained. The applied shear rate was 12 to 375 s-1 and the 

measurements were carried out at temperature 25oC. 
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Fig. 3.8 cone plate viscometer (Macosko, 1994) 
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Fig. 3.9 Erythrocytes suspension flow curve 

 

The erythrocyte suspension flow curve followed the 

Bingham plastic, this model utilizes the friction between the 

sliding surfaces. It states that extension of the system is 

impossible unless the applied force exceeds the fraction force 

which is the yield stress of the material under stress. 

Model equation: 

F = Fo +  η S                                                                          (3.16) 

           where F is the shear stress (dyne/cm2) , S shear rate (s-1), 

(Fo) the yield stress and (η)  viscosity (Desouky et al  , 2009). The 

calculated parameters for this model are  
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Plastic viscosity               (cp) 

Yield stress                      (Dynes/cm2) 

 

3.8 Effects of detergent on the erythrocyte,s 

membrane: 

 Detergents are small amphipathic molecules that tend to 

form micelles in water. When mixed with membranes, the 

hydrophobic ends of the detergents bind to hydrophobic regions 

on the exterior of membrane proteins, thereby displacing the lipid 

molecules (disrupted the hydrophobic interaction between the 

lipids and proteins). Since the other end of the detergent molecule 

is polar, this binding tends to bring the membrane proteins into 

solution as detergent-protein complex. The polar ends of the 

detergents can either be charged (ionic) as in the case of sodium 

dodecyle sulfate (SDS) or uncharged (non-ionic) as in the case of 

Triton-X detergent (Salton, 1968). In this study, Triton-X 100, a 

non-ionic surfactant most frequently used in a wide range of 

applications to biological systems, was applied. It intercalates 

between lipid molecules and binds to integral proteins. At a 

relativity high concentration, of approximately 0.01 % v/v, it 

actually solubilizes the membrane and produces hemolysis (Araki 

and Rifkind, 1981). It exerts two types of effects on erythrocytes, 

namely the permeability (hemolysis) and damage effects. The 

damage effect of detergent can be the result of disruption of 
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membrane by changes in the organization of the molecules of 

membrane components. The consequence of this is increased 

permeability of membranes to macromolecules as well as small 

molecules. This permeability change in a single cell is an all-or-

none process. In those cells which are not hemolysed due to the 

damage effect a slower hemolysis by the permeability effect can 

be observed. Hence, the two effects are independent of each other. 

(Bielawski, 1990). Both types are measured in this study. 

 In this work the membrane solubilization by detergent was 

tested according to the method of Plummer, (1987) dilute 

erythrocytes suspension with saline was added to different 

dilutions of Triton-X 100 solution. After incubation of the 

samples at 37oC for 20 min, the transmittance was recorded at 600 

nm, and the turbidity was calculated.  

The principle of this method can be summarized as follows:  

When light passes through a medium containing suspended 

particles, certain proportion of it is scattered in various directions 

and the incident beam passes through with weakened intensity. If 

the original light beam is monochromatic, and the scattered 

radiation is examined by calorimetry, it is found that most of the 

scattered light has the same wavelength as the incident beam. The 

scattering of light may be defined in terms of Τ, the turbidity, 

which is the scattering of light, after subtracting the scattering due 
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to solvent alone, and is analogous to the absorption coefficient of 

a light absorbing molecule. It is defined by: 

                     I = Io   e-Τl                                                     (3.4) 

where Io and I are intensities of the incident and scattered light 

respectively, and L is the length of the light path through the 

scattering solution (Dawes, 1980).  

The hemolysis of erythrocytes is easily detected by the 

release of hemoglobin (Hb) into the extracellular fluid. The 

amount of Hb appearing in media was determined by calorimetry 

at 540 nm.  (Prete et al., 2002). The percentage of hemolysis was 

taken against complete blood hemolysis (Bkaltcheva et al., 1996). 

% H = 100
%100

×
lysis

sample

A
A

  

                               
where Asample is the absorbance of the hemoglobin released from 

erythrocytes in normal saline and A100%lysis is the absorbance of 

the hemoglobin released from erythrocytes after complete 

hemolysis. 

 
From the turbidity and hemolysis curve the average membrane 

solubilization D50 (it represents the surfactant concentration at 

which 50% of the lipid is solubilized) and the average membrane 

haemolysis H50 can be calculated respectively ( Selim et al.,2009). 
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3.9 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. 

The t-test is given by  

   t  =  

21

21

11
nn

S

xx

c +

−                     (3.20)                                       

where x 1 is the mean of the control sample, and x 2 is the mean 

of the irradiated samples, Sc is the combined standard deviation 

for 2 samples, (Pipkin , 1984) and is given by :  
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4- Data Fitting 
 

The fitting of the experimental data (membrane 

solubilization and hemolysis) was carried out by the Origin 

software. The applied sigmoidal function can be presented as 

follows: 

 fxx
fi X

eI
xx

y +
+

−
= − λ/)( 0                                                      (3.22)       
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where xi and xf are the initial and final values of hemolysis and 

turbidity, and xo is the center (H50 and D50, respectively) and λ is a 

constant.                                                
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65 

Results and Discussion 

Gamma radiation affects biological membrane in different 

ways. To study and monitor the effects of radiation one needs a 

series of analysis to explore the different damaging events that 

might occur (Selim et al., 2009).  

4.1 Irradiation Effects on the Erythrocytes 

Morphology: 

The erythrocyte shape was investigated by scanning 

electron microscope (SEM), which is commonly used to study 

cell surface morphology. Figure 4.1 shows SEM image of normal 

fresh erythrocytes from healthy donor, prepared immediately after 

withdrawal. It shows the normal biconcave shape. Figure 4.2 (a) 

shows normal erythrocytes from blood bags, scanned after 3 days 

of storage. The image shows spherocytes which are smaller than 

normal fresh cells. Studies of the storage effects on erythrocytes 

were shown to induce dehydration of the cells. During storage the 

extra cellular Na
+
 and Cl

¯
 decreased and K

+
 increased. this is 

because Cl
¯
 ions enter the cell, the cell swells and its shape 

changes (Ülgen and Sezdi, 2007). Other studies showed that the 

decrease in the ATP during storage, results in expulsion of lactate 

to the surrounding medium, decreasing the pH. The movement of 

band 3.1 spectrin inside the phospholipids of the cell membrane, 

caused by reduced pH, generates ionic currents, namely Cl
¯ 

ions. 

While Cl
¯
 ions enter the cell, bicarbonate ions leave the cell (Card 
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1988, Högman et al., 1999). The cell swells and a shape change 

occurs from discocyte to spherocyte.  

The cells incubated in lipoic acid shows the normal pattern 

of spherocyte as shown in figure 4.2 (a). The exposure to gamma 

irradiation is shown to produce echinocytes, the number of which 

increases with dose enhancement (figs. 4.2 (c )(25 Gy), (e) (50 

Gy) and (g) (100 Gy). The transformation of erythrocytes to 

echinocytes is often induced by disturbance in the intermolecular 

membrane component as a result of exposure to gamma 

irradiation. While addition of lipoic acid was shown to have 

pronounced effects in reducing echinocyte formation (figs. 2.4 

(d), (f) and (h)) the cells exposed to 25 Gy (Figure 4.2 d) shows 

some biconcave discoid cells. 

 
Fig. (4.1): SEM image of fresh normal erythrocytes (7.500x(. 
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Fig. (4.2): Effect of gamma irradiation and -lipoic acid on the   

morphology of stored erythrocytes. (a) SEM image of 

untreated erythrocytes (Control), (b) SEM images of 

erythrocytes treated with ALA; (c) 25 Gy; (d) ALA +25 

Gy; (e) 50 Gy; (f)ALA +50 Gy; (g) 100 Gy and (h) ALA 

+100 Gy. 
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4.2 Dielectric Properties of Erythrocytes: 

The dielectric properties of the cell membrane play a 

crucial role in the whole cell adhesion process and in the resulting 

alteration in the membrane structure and function. The dielectric 

characteristics of a material include both conductive and 

capacitive properties (Reilly, 1998). The conductivity depends on 

the dynamic ionic transport through the membrane, so it is a 

measure of the permeability of the cell membrane, although 

movement of ions over the cell surface (surface conductance) also 

plays a role (Pethig and Talary, 2007). The capacitance 

determines the amount of charge that can be stored across a 

membrane when a cell is exposed to an electric field. Its value is 

strongly dependent on the level of folding of the cell membrane 

(Gascoyne and Vykoukal, 2004).  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. The polarized part in the membrane is the 

protein either integral or embedded in the hydrophobic lipid part. 

The change in both relative permittivity and dielectric loss reflects 

the change in the protein part of the cell membrane (Bonicontro et 

al., 1989). This polarization does not occur instantaneously, and 
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the associated time constant is called the relaxation time  ) 

(Martinsen et al., 2002).  

Energy is needed to supply and store charges. The cell 

membrane is a leaky dielectric. The dielectric loss curve 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 (Pethig, 1979). Each subunit in the membrane acts as 

capacitor, their effective capacitance (Ceff) is determined by their 

relative positions. The Cole-Cole parameter α is a 

phenomenological parameter that reflects the changes in the shape 

of the polarized structure. Tables 4.1 and 4.2 summarized the 

obtained parameters in the case of erythrocytes control, irradiated, 

incubated with ALA and irradiated with ALA.. 

In this study, the calculated parameters didn’t show 

significant changes from control after the exposure to 25 Gy. 

However, as the doses increased to 50 and 100 Gy the changes 

were significant as shown in tables (4.1& 4.2) which illustrated 

the statistical calculation of results and figure (4.3) & figure (4.8) 

& figure (4.13) which showed the fitted curves for results. The 

decrease in conductivity can be attributed to permeability damage 

of the cell membrane with the subsequent loss of ions, electrolytes 

and intracellular components. While the decrease in the relative 

permittivity and dielectric loss reflects the radiation-induced 

damage in the membrane charges. No significant changes were 
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observed in the Cole-Cole parameters for all doses, while the 

effective membrane capacitance exhibits significant decrease after 

exposure to 50 and 100 Gy. These results reveal that the radiation-

induced changes affect the membrane charges as well as their 

relative positions inside the membrane. 

Addition of lipoic acid to stored erythrocytes was 

introduced as a method of increasing their viability during storage 

period. It was reported that treatment with lipoic acid results in 

improved oxygen release capacity, viscoeleasticity and 

erythrocytes aggregability, and increased resistance to membrane 

peroxidation during storage (Geise et al., 1999). Although 

sufficient evidence is available to support the antioxidant function 

of ALA, reports on its radioprotective activity are scanty and most 

of the findings are concerned with its role in diabetic neuropathy 

(Manda et el., 2007). The relative permittivity and dielectric loss 

of erythrocytes treated with lipoic acid, showed significant 

decrease from control. Addition of lipoic acid to the erythrocytes 

may induce relative changes in the cell membrane. It was shown 

from the literature that the antioxidant effects of lipoic acid occur 

both in the hydrophilic phase and in the hydrophobic membrane 

portion (Kagan et al., 1992). Interaction of lipoic acid with cell 

membrane was tested by FTIR study of brain tissues (Akkas et 

al., 2007). The study suggested that the hydrophobic part of lipoic 

acid enters the non-polar part of the membrane, weakens the Van 

der Waals forces between the acyl chains, and consequently leads 
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to a disordering in the system. It also showed that the O-H group 

of the lipoic acid interacts with phospholipids by hydrogen 

bonding with the carbonyl groups, and without interacting with 

the phosphate groups. These results provided insight on the lipoic 

acid-membrane interaction and suggested that lipoic acid induces 

a disordering effect on the state-of-order of lipids. From a 

physiological aspect, this disordering might be advantageous 

because the interaction of antioxidants with lipid radicals is more 

efficient when the membrane lipids are more disordered (Akkas et 

al., 2007). These induced changes in the membrane organization 

may explain the decrease in the relative permittivity and dielectric 

loss observed in this study. However, no significant changes were 

observed regarding the relaxation time, conductivity, Cole-Cole 

parameter and effective capacitance of the membrane, which can 

suggest that the induced change by the lipoic acid doesn’t 

influence the membrane composition and its permeability. 

In the present work the addition of lipoic acid to the 

erythrocytes prior to irradiation was shown to minimize the 

effects of radiation as appeared from the non-significant changes 

in the dielectric parameters for all the considered doses, except for 

the membrane effective capacitance. This effect can be explained 

by the interaction of the lipoic acid with the membrane which 

induces changes in its organization. 
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Table (4.1): The dielectric constant (s), area under loss curve, 

relaxation time (of normal, irradiated, incubated with 

ALA and irradiated with ALA groups. 

 

GROUPS 
STATISTI

CS S 

AREA 

UNDER 

LOSS 

CURVE  

(s) 

control 
mean 6.26x104  9.27x104 1.90x10-7  

S. D. ± 1.10x104  ± 1.74x104 ± 1.73x10-8 

ALA 

mean 4.50x104  6.51x104 1.62x10-7  

S. D. ± 1.10x103 ± 1.69x104 ± 1.28x10-8 

p   0.042*  0.040* 0.121 

25 Gy 

mean 5.32x104  7.77x104 1.69x10-7  

S. D. ± 1.05x103 ± 1.63x104 ± 2.82x10-8 

p 0.118 0.114 0.073 

 

ALA 

+ 

25 Gy  

 

mean 5.88x104  8.63x104 1.75x10-7  

S. D. 
± 

8.974x103 
± 1.34x104 ± 8.29x10-8 

p 0.350 0.338 0.191 

50 Gy 

mean 4.23 x104  6.10x104 1.59x10-7  

S. D. ± 5.22x103 ± 8.39x103 ± 3.33x10-8 

p 0.020   *   0.021* 0.077 

 

ALA 

+  

50 Gy 

 

mean 5.35x104  7.84x104 1.76x10-7  

S. D. ± 1.40x104 ± 2.17x104 ± 1.52x10-8 

p 0.210 0.208 0.149 

100 Gy 

mean 3.49x104  4.96x104 1.33x10-7  

S. D. ± 1.07x104 ± 1.73x104 ± 3.23x10-8 

p 0.009*  0.009*  0.016* 

ALA 

 + 

100 Gy 

mean 4.22x104  6.08x104 1.40x10-7  

S. D. ± 7.94x103 ± 1.25x104 ± 3.21x10-8 

p 0.071 0.070 0.062 

 

*: significant 

S.D.: standard deviation 

p: t-test probability (p < 0.05 is a significant) 
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Table (4.2): AC conductivity at 5 MHz (, Cole-Cole shape factor 

(and effective capacitance (Ceff) of normal, irradiated, 

incubated with ALA and irradiated with ALA groups. 

 

GROUPS STATISTICS 5 MHZ (S/m)  Ceff (F) 

control 

mean 6.75x103 0.266 1.60x10-9 

S. D.  ± 8.19x102 ± 0.036 
 ± 2.69x10-

10 

ALA 

mean 5.78x103 0.392 1.34x10-9 

S. D.  ± 1.08x103 ± 0.045 
 ± 2.30x10-

10 

p 0.127 0.412 0.213 

25 Gy 

mean 6.28x103 0.372 1.25x10-9 

S. D.  ± 9.95x102 ± 0.032 
 ± 2.24x10-

10 

p 0.198 0.355 0.065 

  

ALA 

+ 

25 Gy  

 

mean 6.68x103 0.391 1.31x10-9 

S. D.  ± 6.54x102 ± 0.031 
 ± 2.41x10-

10 

p 0.454 0.379 0.098 

50 Gy 

mean 5.21x103 0.419 9.09x10-10 

S. D.  ± 5.69x102 ± 0.050 
 ± 3.89x10-

10 

p      0.030* 0.050 0.024    *  

  

ALA 

+ 

50 Gy 

 

mean 6.00x103 0.403 1.06x10-9 

S. D.  ± 1.153x103 ± 0.025 
 ±2.03x10-

10 

p 0.197 0.367   0.036* 

100 Gy 

mean 4.75x103 0.434 7.17x10-10 

S. D.  ± 6.44x102 ± 0.046 
 ± 6.62x10-

11 

p 0.026     *  0.082 0.015     *  

 

ALA 

+100 Gy 

  

 

mean 5.72x103 0.414 6.63x10-11 

S. D.  ± 1.55x103 ± 0.072 
 ± 3.83x10-

10 

p 0.209 0.368 0.041   *  

*: significant    

 S.D.: standard deviation   

p: t-test probability (p < 0.05 is a significant) 
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Fig. (4.3): Dielectric loss (fitted) for control and irradiated 

erythrocytes with 25, 50 and 100 Gy  . 
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Fig. (4.4): Dielectric loss (fitted) for control and erythrocytes 

incubated with ALA. 
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Fig. (4.5) Dielectric loss (fitted) for control, irradiated with 25Gy  and  

ALA + 25Gy . 
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Fig. (4.6) Dielectric loss (fitted) for control, irradiated with 50Gy , and  

ALA + 50Gy. 
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Fig. (4.7): Dielectric loss (fitted) for control, irradiated with 

100Gy  and  ALA + 100Gy. 
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Fig. 4.8 Relative permittivity (fitted) for control and irradiated 

erythrocytes with 25, 50 and 100 Gy. 
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Fig.(4.9) Relative permittivity (fitted) for control and erythrocytes 

incubated with ALA. 
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Fig. (4.10) Relative permittivity (fitted) for irradiated with 25Gy , and  

ALA + 25Gy. 
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Fig. (4.11) Relative permittivity (fitted) for irradiated with 50Gy , and  

ALA + 50Gy. 
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Fig. (4.12) Relative permittivity (fitted) for irradiated with 100Gy , 

and  ALA + 100Gy. 
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Fig. (4.13) AC conductivity (fitted) for control and irradiated 

erythrocytes with 25, 50 and 100 Gy  . 
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Fig. (4.14) AC conductivity (fitted) for control and erythrocytes 

incubated with ALA. 
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Fig. (4.15) AC conductivity (fitted) for control and irradiated with 25 

Gy , and  ALA + 25 Gy. 
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Fig. (4.16) AC conductivity (fitted) for control and irradiated with 50 

Gy , and  ALA + 50 Gy. 
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Fig. (4.17) AC conductivity (fitted) for control and irradiated with 100 

Gy , and  ALA +100 Gy. 
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4.3 Rheological properties of erythrocytes: 

The viscosity of the erythrocytes suspension showed the 

normal flow curve of shear thinning fluid figure (4.18), and 

followed the Bingham plastic model figure (4.19). The viscosity 

is strongly influenced by the following three factors: (a) volume 

fraction of erythrocytes, (b) aggregation of erythrocytes (rouleaux 

formation) and (c) cell deformability, (the viscosity increases with 

the decrease in erythrocytes deformability) (Rajinder, 2003).  
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Fig. (4.18) Flow curve for normal stored erythrocytes. 
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Fig. (4.19) Bingham plastic fit for normal stored erythrocytes. 

 

It is generally accepted that at constant hematocrit and 

temperature, low shear blood viscosity is primarily determined by 

erythrocytes aggregation, while high shear viscosity is dependent 

on erythrocytes deformability (Lowe and Barbanel, 1988).  

 

The process of erythrocytes aggregation can be considered 

as a result of the balance between aggregating and disaggregating 

forces; disaggregating forces include fluid shear forces, 

electrostatic repulsion between cells and the elastic energy of the 

cell membrane. Erythrocytes exhibit a negative surface charge 

that is mainly attributed to sialic acid residues located on 

glycoproteins in the membrane surface. The electrostatic 
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repulsion between erythrocytes reduces the aggregation of 

erythrocytes (Godin and Caprani, 1997).The ability of 

erythrocytes to deform and alter their shape depends on the 

following factors: membrane rigidity, cytoplasm viscosity, the 

overall cell shape and membrane cytoskeletal proteins, which play 

a key role in maintaining normal cell deformability and its 

mechanical stability (Schönbein and Wells, 1997). The yield 

stress is defined as the definite stress that must be applied to the 

fluid for flow to occur. 

In this study, the rheological properties of erythrocytes 

suspension were analyzed by calculating two different 

parameters; plastic viscosity and yield stress. The effect of 

radiation on the rheological properties of erythrocytes depends 

greatly on the exposure dose. While 25 Gy didn’t show significant 

changes in plastic viscosity, 50 Gy resulted in an increase, and 

100 Gy induced a decrease in all the calculated parameters as 

shown in table (4.3) and figure (4.20) , figure (4.21) and figure 

(4.22). These results agree with effects of radiation at different 

dose levels reported in the literature. In vitro irradiation with 50 

Gy damages the erythrocytes membrane by producing reactive 

oxygen species (ROS), which leads to peroxidation of membrane 

lipids and oxidation of membrane-bound proteins and result in 

increase in erythrocytes viscosity (Anand et al., 1997). However, 

as the dose increase, the induced damage result in decreasing the 

microviscosity in certain regions of the lipid bilayer, and induce 
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conformational changes of membrane proteins with modifications 

in the internal peptides proteins (Gwo dzi ski, 1991).    

The interaction of ALA with erythrocytes was shown to 

affects the membrane properties. The interaction of ALA with the 

component of cell membrane may decrease the intermolecular 

movement inside the membrane, as it decreased the membrane 

polarizability, which resulted in increase in the yield stress. 

However, the plastic viscosity didn’t show significant changes.  

Accordingly, the addition of ALA to the erythrocytes prior 

to irradiation reduces the damaging effects of radiation as 

appeared from the non-significant changes in rheological 

parameters illustrated in table (4.3) and figures (4.20, 4.21 & 

4.22). These results agree with the observed effects of ALA 

observed by Cakatay et al., 1999 who reported that ALA can 

decrease the oxidative stress which may be effective in preventing 

oxidative protein damage improved viscoeleasticity and 

erythrocytes aggregability, and increased resistance to membrane 

peroxidation during storage . 

          Figure (4.22) and table (4.3) showed the results of the yield 

stress after exposure to 25 Gy and 50 Gy, it is clear a significant 

increase in yield stress after those doses. 

        The results can be explained that normal erythrocytes 

deform when subjected to shear stress. This deformability is 

responsible for the low viscosity at higher shear rates. At the same 
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time, there was increase in the lipid peroxidation of the 

erythrocytes membrane due to gamma rays exposure. This 

appeared to produce a rigidification of erythrocytes membrane 

which is likely due to crosslinking of primary amino groups of 

proteins or phospholipids by this dialdehyde (Kergounou et al., 

1986).                                       

On the other hand, a significant decreased in yield stress at 

100 Gy, this may be due to conformational changes of membrane 

proteins, modifications of cell internal peptides and proteins 

(Gwo dzi ski, 1991).                         

From  Figure (4.22) and table (4.3) we found that  addition 

of ALA before radiation protect the erythrocytes from gamma 

irradiation, so there is no change in  the yield stress at doses 25, 

50, 100 Gy.  
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Table (4.3): Viscosity and yield stress for control, irradiated, 

incubated with ALA and irradiated with ALA. 

 
Groups Statistics Viscosity    (cp) Yield stress (D/cm2) 

control 

mean 1.773 0.322 

S. D. 0.161   ± 0.04  ± 

ALA 

mean 1.801 0.402 

S. D.  ±0.238   ±0.06 

p 0.382 0.019* 

25 Gy 

mean 1.697 0.599 

S. D. ± 0.141 ± 0.055  

p 0.158 1.4E-06* 

ALA  

+  

25 Gy 

 

mean 1.782 0.306 

S. D.  ± 0.163 ± 0.038 

p 0.449 0.245 

50 Gy 

mean 2.005 0.657 

S. D.  ± 0.035 ± 0.082 

p 0.001* 0.047* 

ALA 

+ 

50 Gy 

 

mean 1.8 0.319 

S. D. ± 0.135 ± 0.098 

p 0.265 0.479 

100 Gy 

mean 1.66 0.253 

S. D. ± 0.037 ± 0.014 

p 0.017* 0.001* 

ALA 

+ 

100 Gy 

 

 

  

mean 1.847 0.349 

S. D. ± 0.153 ± 0.111 

p 0.18 0.333 

 
*: significant 

S.D.: standard deviation 

p: t-test probability (p < 0.05 is a significant 
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Fig. (4.20) Viscosity for control, irradiated, incubated with ALA and 

incubated with ALA plus radiation. 
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Fig. (4.22) Yield Stress for control, irradiated, incubated with ALA 

and irradiated with ALA. 

 

 

 

 

 



Chapter (4)                                     97               Results and Discussion 

 

 

 

97 

 

4.4 Effects of detergent on the erythrocyte,s 

membrane.  

The changes in cell membrane, as a result of irradiation, 

were tested chemically by interaction with detergent. Turbidity 

measurements as a function of added detergent has been analyzed 

in terms of percent solubilization compared to that of erythrocytes 

suspension without addition of detergent. In such turbidity versus 

detergent curve figure (4.23).the turbidity is initially affected 

slightly by addition of detergent. Further detergent addition 

results in a large decrease of turbidity until complete 

solubilization is obtained, at which point additional detergent has 

only slight effect on the turbidity, probably due to changes in the 

sizes and shape of the detergent-lipid (-protein) mixed micelles. 

From the turbidity curve the average membrane solubilization 

(D50) can be calculated, it represents the surfactant concentration 

at which 50% of the lipid is solubilized. 
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Fig. (4.23) Membrane solubilization curve for control erythrocytes and 

the average membrane solubilization (D50). 

 

The hemolytic action of detergent was detected by the 

release of hemoglobin into the extracellular fluid. The hemolysis 

curve was obtained by plotting the  hemolysis percentage against 

detergent concentration fig. (4.24).The experimental curves were 

normalized to 100% hemolysis to eliminate the error in 

hemoglobin concentration. The hemolysis curve can be evaluated 

by the average membrane hemolysis (H50); the detergent 

concentration at which 50 % of erythrocytes has been hemolyzed. 
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Fig. (4.24) Hemolysis curve for control group and the average     

membrane hemolysis (H50). 

 

Table (4.4 ) shows that  no significant change, in the average 

membrane solubilization (D50) and average membrane hemolysis 

(H50) have detected after exposure to 25 Gy, while a significant 

decrease after exposure to 50 Gy and 100 Gy were observed. The 

radiation induced damage in the membrane permeability can 

facilitate the diffusion of detergent molecule within the cell 

membrane as we can see from the average membrane 

solubilization (D50) and average membrane hemolysis (H50). The 

progressive appearance of the regularly spaced spicules on cell 
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surface can increase the interaction of the detergent with 

membrane components and facilitate the transformation phase, 

thus decreasing the solubilizing detergent concentration with dose 

increase) Selim et al, 2009).  
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Table (4.4): The Average membrane solubilization (D50) and the 

average membrane hemolysis (H50) for control, 

irradiated, incubated with ALA and irradiated with ALA. 

Groups Statistics D50 (% v/v) H50 (% v/v) 

control 
mean 0.0050 0.0052 

S. D. ± 3.84x10-4 ± 5.53x10-4 

ALA 

mean 0.0049 0.0049 

S. D. ± 8.18 x10-4 ± 3.45x10-4 

p 0.377 0.182 

25 Gy 

mean 0.0049 0.0047 

S. D. ± 1.33 x10-4 ± 6.23x10-4 

p 0.138 0.080 

25 Gy  

+  

ALA 

mean 0.0048 0.0048 

S. D. ± 1.98 x10-4 ± 6.54x10-4 

p 0.087 0.161 

50 Gy 

mean 0.0034 0.0031 

S. D. ± 1.34 x10-3 ± 7.51x10-5 

p 0.047* 0.001* 

ALA 

 +  

50 Gy 

mean 0.0042 0.0041 

S. D. ± 9.14 x10-4 ± 2.48x10-4 

p 0.084 0.078 

100 Gy 

mean 0.0035 0.0033 

S. D. ± 3.06 x10-4 ± 6.04x10-4 

p 0.0003* 0.020* 

ALA 

+ 

100 Gy 

 

  

mean 0.0040 0.0042 

S. D. ± 9.39 x10-4 ± 2.60x10-4 

p 0.063 0.103 

*: significant 

S.D.: standard deviation 

p: t-test probability (p < 0.05 is a significant 
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The addition of lipoic acid didn’t induce significant change 

from control. However, its addition prior to irradiation was shown 

to decrease the radiation effects as shown from the non-significant 

changes in D50 and H50 of the 50 and 100 Gy groups. 

 



 ١٠٣  

 

Conclusions 
Gamma rays have been shown to cause functional 

perturbations in cells. The results obtained showed that gamma 

radiation affects the electrical and mechanical properties of 

erythrocytes as follows: 

Irradiation of erythrocytes with 25 Gy didn’t show 

significant changes for the calculated dielectric parameters. 

However, increasing the irradiation doses resulted in significant 

decrease in the calculated dielectric parameters which reflects the 

damaging effects of radiation on the membrane structure. The 

results obtained showed that lipoic acid can play an important 

role in minimizing the radiation-induced damage to the 

erythrocytes and protect their electrical properties.  

There were non-significant changes in viscosity at dose of 

25 Gy, while a significant increase at 50 Gy and a significant 

decrease at 100 Gy were observed. The study found that α- lipoic 

acid (ALA), which has a potent antioxidant effect, resulted in 

non–significant change in viscosity at doses of 50 Gy and 100 

Gy. A significant increase in yield stress was observed after the 

exposure to 25 and 50 Gy while at 100 Gy the yield stress   

showed a significant decrease. After addition of ALA no change 

in the yield stress at doses 25, 50, 100 Gy was observed. 

 ١٠٣



 ١٠٤  

 Alpha- Lipoic acid can play an important role in keeping viability 

of erythrocytes by conserving both the mechanical and electrical 

properties of the cell membrane. 

There were no-significant changes observed in the average 

membrane solubilization (D50) and the average membrane 

haemolysis (H50) at dose of 25 Gy, while a significant decrease 

was noticed at 50 Gy and 100 Gy. The addition of lipoic acid 

didn’t induce significant change from control. However, its 

addition prior to irradiation was shown to decrease the radiation 

effects on erythrocytes and preserved the mechanical and electric 

properties of erythrocytes. 

The dose 25 Gy could be considered as a safe dose; however, it is 

preferable with the addition of α-lipoic acid before irradiation. 

Increasing the irradiation doses up to 100 Gy can be applied if α-

lipoic acid is added prior to irradiation, since it is important for 

maintaining erythrocytes viability. 
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  ملخص ال

  
ة    التى ت   األمراض  ينتج عن عملية نقل الدم بعض        ا الليمفاوي سببها الخالي

وم بمهاجم       حيث )المريض(من المتبرع والتى تعيش وتتكاثر فى المتلقي         ا تق  ة أنه

ذه االمراض     ه من الممكن   وجد العلماء أن  ، وقد أعضائه وأنسجته  تخلص  من ه  ال

ل   تشعيع مكونةبواسط وذلك   GVHD  التى تسمى    تنادا   ،استخدامه ات الدم قب اس

ى أن ا تجإلإل عاع ين هش ى  ةلخاليا اللمفاويضررل  عن درتها عل دم ق ى ع ؤدى ال  ي

ى   الضرورية لتجنب هذه  الجرعة المثالية   غير أن   .التكاثر األمراض مع الحفاظ عل

  .ال تزال مطروحة للبحثخاليا الدم الحمراء ءة آفا

د أن د وج اوق ى آف ؤثر عل د ت ا ق عة جام راء ةء أش دم الحم ات ال  آري

ة، ك نتيجالمحفوظ اج إل ة وذل شواردنت رال سببة الح ي تت دهون الت سدة ال ى أآ   ف

راء                 دم الحم والتى تلعب دورا هاما فى تغيير ترآيب ووظيفة غشاء خلية آرات ال

شاء  المة الغ د س يوم   و .وفق سرب البوتاس ى  ت ؤدى ال ذا ي ن و ه وبين م الهيموجل

وزين  األ ءةقص آفا ون داخل خاليا الدم الحمراء    ي الفوسفات    دين ا   ATP)(  ثالث  مم

   .ة الخلية حيوي فى إلى انخفاضيؤى

  من أشعة جاما    جراى ٢٥ ةجرعال دراسة تأثير   الى    ةوتهدف هذه الرسال  

ل           حاليا ةالمستخدم دم قب اس ال ى       لمرضى استخدامها ل   فى تشعيع أآي ا تهدف ال آم

ة    ا جرع ن آونه د ع ك  ة آمنالتأآي واةدراسب وذل سيابيةةص الكهربي الخ   واالن

راء   دم الحم رات ال ةلك افالمحفوظ ى ة باإلض اد بحث  ال ات ةزي رض  جرع التع

عاع  ى لإلش راى ١٠٠ و٥٠ ال ا .  ج دفتآم أثير   ةدراسال ه ث ت ى بح ضا ال   أي

ك إضافة ا ليبوي سد( حمض األلف ضاد أآ وى ةم ى ق راء)  طبيع دم الحم ا ال  لخالي

  .شعاع  التعرض لإلمن تأثيرللوقاية 

 ١



 ٢  

راء من             قو دم الحم ات  ال ي آري ابع      د تم الحصول عل دم الت لهالل  ل  بنك ال

  .  في اليوم الثالث من سحب الدمةاألحمر المصري و أجريت التجارب المختلف

  -:آما يلى   وتم تقسيم العينات  إلى ثمانى  مجموعات 

  -:المجموعة الضابطة-

ة  ذه المجموع م ته عاع ل رض لإلش م تع الجول ض ع  بحم

 .يك األلفاليبو

    -: المجموعة المعالجة بحمض األلفاليبويك-

ز        ا بترآي ك إليه ض األلفاليبوي افة حم م أض ة ت ذه المجموع  ١٢٣ه

  . لتر/ميكرومول 

 -:شعاع جاماها  لإلتعرض تم ثالث مجموعات-

ات ذه المجموع ضها  ه م تعري ات لت ة هى جرع  ٢٥ (مختلف

 ).جراى ,100,50

ات  - الث مجموع رىث م اخ افة  ت ض األ إض ز  حم ك بترآي  ١٢٣لفاليبوي

 بالجرعات المستخدمة تعرضهم ألشعه جاما قبللتر  / ميكرومول

ة   د درج راء عن دم الحم رات ال سيابية لك اس الخواص اإلن م قي د ت وق

م            درجة مئوية  ٢٥حرارة   ك ت سياب، ومن ذل اس اإلن ين آل      باستخدام مقي  تعي

ذلك        ،من معامل تجمع الخاليا    اد وآ اتج اإلجه د   واللزوجة   معامل   ن أظهرت  ق

ات      تغييرات  تحدثالنتائج أنه لم     ضابطة للعين سبة للمجموعة ال رة بالن  في  آبي

 جراي ، في حين أن       ٢٥اللزوجة و معامل تجمع الخاليا عند جرعة اإلشعاع         

 جراي   ١٠٠ وحدث إنخفاض آبير عند    جراي   ٥٠ واضحة عند الزيادة آانت   

ل    .  ك قب افة حمض األلفاليبوي ة أن إض رت الدراس عاع  الوأظه رض لإلش  تع

ر  دم تغي ى ع ر أدى إل ي آبي ل  ف ا   معام ع الخالي ل تجم ة و معام اللزوج

اتل ستخدمة لجرع عاعية الم د  و اإلش ادة  ق ضا زي وحظ أي اتج    ل ي ن رة ف آبي
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رض ل  د التع اد بع ىاإلجه ي ٥٠ و ٢٥ جرعت ا ف راى  بينم ة ج  ١٠٠  الجرع

راي  لج وظ  ق شكل ملح اد ب وحظ.اإلجه ضا ول ض  أي افة حم  أن إض

ل   ك قب عاع األلفاليبوي رض لإلش ر   التع دم تغي ى ع وي أدى إل اتج  معن ي ن  ف

  . اإلجهاد لجميع الجرعات 

راء فى       دم الحم وقد تم أيضا دراسة خواص العزل الكهربية لخاليا ال

ائج  ميجا هرتز وأظهرت الن ٥ آيلوهرتز الى    ٤٠مدى تردد من     م تكن    ت ه ل  أن

رات ذات قيم اك تغيي ي ثةهن ى  ف زل الكهرب ت الع ترخاء ،اب ن االس  ،زم

ة د  التوصيلية الكهربي اهرتيز ٥عن ذلك،ميج ساح وآ د ة الم ى الفق  تحت منحن

ى شكل  الخلي          المعامل    وأيضا ؤثر عل ذى ي ذلك  )  آول  -آول   معامل   ( ةال وآ

ادة       جراى ٢٥عند التعرض لجرعة    هذا   و السعة الفعالة   ةالجرع ولكن عند زي

ى  راي١٠٠ و ٥٠ال د ج دث  ق صان ح ة  ق زل الكهربي واص الع ع خ ى جمي  ف

تثناء ال     ةالمقاس ذ ى      م   باس أثر عامل ال )   آول  - آول  معامل ( ة  شكل  الخلي   ب  يت

ا وجد أن     ،فى جميع الجرعات   ه انخفاض          آم وى  زمن اإلسترخاء ب د   معن  بع

ائج وأظهرت    . جراي  ١٠٠التعرض إلى      أن إضافة حمض األلفاليبويك           النت

ى   التعرض لإلشعاع  إلى آرات الدم الحمراء قبل       ل    أدى ال أثير  تقلي  اإلشعاع   ت

دى آما   ة                      ب ر ملحوظ فى خواص العزل الكهربي  واضحا فى عدم وجود تغي

   .السعة الفعالة باستثناء لجميع الجرعات

 المجهر االلكتروني الماسح اتضح ان الخاليا ة بواسطة الخليةوبدراس

ات الدم يشاء خاليا آر فى غواضحالمعالجة بحمض األلفاليبويك تظهر عدم تغير 

 قد ألشعة جاما التى تم تعرضها أما األخرى  بعد التعرض لإلشعاعالحمراء

 ة بزيادإزدادفى غشاء خاليا آرات الدم الحمراء والذى  ظهرت شكل غير منتظمأ

    .ةالجرع
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 تجربة   أجريتالمحفوظة الحمراء  الدم لمزيد من اإلختبارات  لكرياتو

لكيميائى على غشاء الخلية عن طريق قياس عاملين هامين إلختبار تأثير المذيب ا

زم الترآيز المذيب ال  ومن أغشية الخلية % ٥٠ ذابةإلزم الترآيز المذيب الهما 

وقد لوحظ فى اختبار درجة مقاومة الغشاء ، من أغشية الخلية % ٥٠ لتحلل

ز المذيب  هناك عدم تغير ملحوظ في ترآي أن بواسطة المذيباتلإلذابة الكيميائية

 جراي ، في حين ٢٥ عند الجرعةمن أغشية الخلية  % ٥٠ وتحلل ذابةإلزم الال

  قد أخرىة ومن ناحي،جراى١٠٠و ٥٠ من ل آعندأن هناك انخفاضا ملحوظ 

 التعرض لإلشعاعوجد أن إضافة حمض األلفاليبويك إلى آرات الدم الحمراء قبل 

من  % ٥٠ وتحلل ذابةإلزم العدم تغير ملحوظ في ترآيز المذيب ال  الى أدى

  . جراي١٠٠ و ٥٠   الجرعتينآال من حالة التعرض الى  فى أغشية الخلية

  - :استنتاج مايلى التى تم الحصول عليها يمكن وفقا للنتائج

،  لكرات الدم الحمراء جراي يمكن أن تعتبر جرعة آمنة٢٥ ةالجرع

  .يع بهذه الجرعة ومع ذلك، فمن األفضل إضافة حمض األلفاليبويك قبل التشع

 ١٠٠يمكن زيادة جرعة التشعيع المستخدمة فى المستشفيات اآلن الى 

 فى األعتبار أن ذ لضمان القضاء نهائيا على الخاليا اللمفاوية مع األخجراي

تعرض آرات الدم الحمراء لإلشعاع يعتبر عمال  قبل حمض األلفاليبويكاضافة 

 على حيوية آرات الدم وللحفاظ عية  الجرعة اإلشعاتأثير للتخفيف من  ضروريا

 .الحمراء
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