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Abstract The effect of gamma radiation on the ultra-
structure of the cell membranes of red blood cells has been
probed using a powerful tool, namely, atomic force
microscopy. We used mice erythrocytes as a model. Blood
samples withdrawn from mice were gamma-irradiated
using a ®Co source unit with doses of 10,15,20,25 and
30 Gy. Structural changes appeared in the form of nanos-
cale potholes, depressions and alterations of the cell
membrane roughness. The roughness of the cell membrane
increased dramatically with increasing doses, although at
10 Gy, the cell membrane roughness was less than that of
normal red blood cells (controls). Therefore, such modifi-
cations at the nano-scale level may affect the biophysical
properties of membranes, resulting in impairment of their
function.
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Introduction

Irradiation of blood components prior to transfusion using
gamma radiation has become a routine practice in many
clinical institutions, and the main purpose for such a
practice is to eliminates the risk of transfusion-associated
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graft versus host disease (TA-GVHD) [1-4]. The reason for
irradiating blood instead of treating the patients with
medications, such as immunoglobulins and corticosteroids,
is the lack of medication efficacy. Although the use of
gamma radiation is routine worldwide, there are no unified
standards for the gamma radiation dose [5], so the rec-
ommended dose varies between 25 and 50 Gy [6]. Such
high doses may have deleterious effects on the quality of
the blood components [7]. For example, the rate of efflux
of intracellular potassium, sodium and hemoglobin
increases following the irradiation of RBC, which may lead
to a reduction in the RBC shelf-life [8-10]. An increase in
plasma potassium and sodium concentrations has been
attributed to the damage of potassium and sodium pumps
induced by irradiation [9, 11]. However, Brugnara et al.
[11] showed that the increase in plasma potassium and
sodium concentrations may be not due to damage to the
pumps, but may be due to hemolysis of the RBCs’ mem-
branes that results in increasing the membrane permeabil-
ity. However, Jacobs [12] showed that irradiation of RBCs
at very high doses, e.g., 200 Gy, has no an evident impact
on the cell morphology.

Oxygenation of body cells is the main function of RBCs.
The mammalian anucleated RBC has a biconcave disk
shape of approximately 8 pm in diameter and is mainly
composed of a concentrated solution of hemoglobin
encapsulated by a thin film called the membrane. The key
role of hemoglobin solution is to carry oxygen. Thus, the
erythrocyte’s membrane is strongly connected to its func-
tion. The membrane consists of two layers; the outer layer
is composed primarily of a phospholipid bilayer studded
with membrane proteins, and the inner layer is a 2D fila-
mentous network called a cytoskeleton, which is composed
mainly of spectrin and actin. The role of the cytoskeleton is
to maintain the structural integrity of the red blood cells.
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The cytoskeleton is anchored to the phospholipid bilayer
by transmembrane proteins [13].

Irradiation of cells using ionizing radiation, such as
gamma radiation, increases the level of reactive oxygen
species (ROS), causing damage to RBC membranes by
peroxidation of membrane lipids and oxidation of mem-
brane-associated proteins [14]. Such damage to the cellular
membrane results in impairment of the cell membrane
functions or deterioration of the cell viability [15-21].
Although the ultrastructure of the RBC membrane plays a
pivotal role in cellular regulation and function, little
information is available concerning the impact of gamma
irradiation on the RBC membrane ultrastructure. RBCs,
and the RBC membranes can be used as a model to study
the effects of ionizing radiation (essentially y-radiation and
X-rays) on whole blood and the susceptibility of RBCs to
oxidative stress damage resulting from irradiation.

In this work, we evaluate the effects of gamma irradi-
ation on the ultrastructure (nanostructure) of the RBC
membrane using atomic force microscopy (AFM). We call
the hemolysis of the RBC membrane at nanostructural
level as “nanohemolysis”, which may not affect the whole
morphology of cell but has a profound impact on the cell
membrane at the molecular level and thus its function.

Materials and methods
Sample preparation

Blood samples were drawn from Wister albino rats
(~200 g), and anticoagulated with heparin. The blood
sample was split into six aliquots of equal volume. One
aliquot was left untreated as a control, and the other five
aliquots were individually irradiated with gamma radiation
(®°Co source) at doses of 10, 15, 20, 25 and 30 Gy (at
KACST, Riyadh, KSA). Immediately after exposure, the
irradiated and control samples were processed. The sam-
ples were diluted in PBS (pH 7.4) and centrifuged for
10 min at 3000 rpm at room temperature. The yellowish
supernatants were discarded, and the erythrocytes were
resuspended in PBS. A droplet of each erythrocyte solution
was manually spread onto around glass coverslip with a
diameter of 12 mm [22] and allowed to air dry for few
minutes prior to imaging by AFM (Fig. 1). The coverslips
coated with erythrocytes were glued to 12 mm-magnetic
steel discs using double-sided adhesive tape and then
mounted on the AFM scanning stage.

AFM measurements

All AFM topographic images were acquired using a com-
mercial AFM (Multimode V, Bruker, USA) operating in
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Fig. 1 An optical image of RBCs distributed on a glass coverslip

intermittent contact mode (tapping mode) in air. Tapping-
mode etched silicon probes (TESP, Bruker probes) with a
nominal spring constant of k = 42 N/m, a nominal reso-
nance frequency of f = 320 kHz and a tip radius of
approximately 8 nm were used for imaging. All AFM
measurements were performed in air at room temperature
with a scan rate of approximately 0.7 Hz. A top-view
optical microscope was used to direct the AFM tip to the
desired cells. For each sample, 10 cells at different posi-
tions were scanned. The AFM images were processed and
analyzed using Nanoscope Analysis Software (Bruker
Corp). The experiment was repeated several times, each
time with new samples, in order to eliminate any chance of
artifacts.

Results

The morphological properties of non-irradiated RBCs
(controls) have been investigated by means of AFM. Fig-
ure 2a displays a typical three-dimensional topographical
AFM image of non-irradiated erythrocyte. At a small scan
size (1.2 pm square scanning), the ultrastructure of the
membrane surface of the RBC appeared smooth and uni-
form (Fig. 2b). The overall morphologies of irradiated
RBCs are similar to those of non-irradiated ones, and no
considerable changes in their morphology can be reported.
However, by zooming in on the surface using a smaller
scan size (e.g., ~1 um square scanning), clear differences
between cells can be revealed; nano-scale potholes and
pores appeared on the membrane surface, and alterations in
the roughness of the surface, emphasizing the role of
irradiation in alternating the structure of the cell mem-
brane, were seen.

In the samples irradiated at 10 Gy, the ultrastructure of
the membrane surface of the RBCs did not show major
differences compared with non-irradiated RBCs (Fig. 3).
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Fig. 2 a A three-dimensional
AFM image of a single non-
irradiated RBC; scale bar

1.5 pm. b Ultrastructure of the
RBC membrane, scale bar
200 nm
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Fig. 3 a Ultrastructure of an RBC membrane irradiated at 10 Gy.
b The line profile of the image along the dashed line in (a).
¢ Ultrastructure of RBC membrane irradiated at 15 Gy; few potholes
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and depressions on the cell membrane can be observed. d The line
profile of the image along the dashed line in (c). Scale bar 200 nm
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Fig. 4 The cell membrane roughness of RBCs after irradiation.
RBCs were irradiated at different gamma doses. The mean of the
roughness (nN) + standard division (n = 100) of RBC membrane for
irradiated and non-irradiated cells
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Fig. 5 a Large, deep potholes are observed on the membrane of
RBCs irradiated at 20 Gy. b The line profile of the cell membrane in
(a) along the dashed line. Scale bar 200 nm

However, variations were observed in the cell membrane
roughness. The samples irradiated at 10 Gy showed a
significant decrease in the surface roughness by 30 %
compared to the controls (Fig. 4). The roughness decreased
from ~ 1.2 to 0.86 nm. For the samples irradiated at doses
higher than 10 Gy, a remarkable increase in the surface
roughness was observed. For example, the surface rough-
ness of RBCs irradiated at 25 and 30 Gy is approximately
five times higher than that of the controls (~ 1.2 nm).
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In Fig. 5, the RBCs exposed to 15 Gy showed nontrivial
ultrastructural alterations; few small nano-pores appeared
on the membrane surface. The depth of the pores varied
between 3 and 8 nm. The number of potholes, their depth
and the surface roughness increased at higher doses (20, 25
and 30 Gy) (Figs. 5, 6). An increase of the gamma radia-
tion dose beyond 15 Gy dramatically changed the ultra-
structure of the RBC surface membrane. The size of the
potholes and the roughness of the cell membrane surface
became more prominent. As seen in Fig. 6¢, another
noteworthy alteration is the appearance of many protu-
berances on the membrane surface of the irradiated ery-
throcytes at doses of 25 and 30 Gy. There are large
protrusions or blebs with an average height on the order of
3-6 nm and an approximate diameter of 100-200 nm.

Discussion

The structural properties of the membranes of RBCs are
essential for membrane function. The presence of reactive
oxygen species (ROS) has the most substantial effects on
the properties of the lipid bilayer, membrane-associated
proteins and, therefore, the structure and function of the
RBCs [23].

Irradiation of RBCs at gamma radiation doses of
10-30 Gy had no effect on their overall morphology.
However, this finding is inconsistent with the previous work
by Xu et al. [5]. They used scanning electron microscopy to
evaluate the changes in the cell membrane structures due to
irradiation during storage. It has been found that the shape of
the irradiated RBCs changed markedly, and the proportions
of echinocytes and sphero-echinocytes increased. Such
controversial findings can be explained as follows. The
deformations of RBCs are not due to exposure to radiation
but are due to storage. Storage time can play a key role in
the development of such deformations. In our study, the time
elapsed between the blood sample collection and the sample
processing was a few hours.

In this study, nano-hemolysis and nano-structural
changes were observed on the cell membranes of irradiated
cells as a function of radiation dose. Such hemolysis was
due to the effect of increased levels of ROS, which are the
most prominent example of oxidizing substances and are
highly reactive due to the presence of unpaired electrons
that cause immense alterations in the cell membrane
structure. Therefore, the nano-hemolysis (nano-pores, cra-
ter-like structures) observed on the cell membrane can be
attributed to the oxidation-induced damage, which may be
triggered via one of two mechanisms. First, the presence of
a high level of polyunsaturated fatty acids in the RBC
membrane compared to other cells is negatively correlated
with oxidative stress [24, 25]. The formation of ROS leads
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Fig. 6 Ultrastructure of RBC membranes irradiated at 25 and 30 Gy. The effect of irradiation is manifested as large potholes (a) or as blebs
(c) on the membrane. b The height profile along the dashed line in (a). d The height profile along the dashed line in (c)

to the degradation of polyunsaturated lipids and an increase
of the oxidative stress level, which can compromise the cell
membrane integrity and could lead to cell death [14, 26].
Therefore, RBCs may be more susceptible to oxidative
damage than other cells. Second, denaturation of hemo-
globin (Hb) can cause the damage. Accumulating evidence
has shown that released hemin, one of the end product of
Hb denaturation, is a potent catalyst of lipid peroxidation,
which in turn causes hemolysis [27-29]. Many microscopy
studies have shown that hemin can affect the conformation
of the cell cytoskeleton, which in turn affects the cell
structure [27, 29, 30]. An increase in the rate of lipid
peroxidation of RBCs membranes as a function of radiation
dose was characterized by an increase in the density and
size of nano-pores on the cell membrane (or nano-hemol-
ysis). The higher the radiation dose is, the higher is the
concentration of ROS.

Although the typical overall morphology of RBCs was
preserved, the formation of nano-hemolysis within the cell
membrane can causes a reduction in the structural strength
of the cell membrane, making the cells more fragile and
thus reducing their life span. It should be noted that the
storage of irradiated RBCs could enhance the cell mem-
brane lesions [31].

We also observed an increase in the cell membrane
roughness as a function of irradiation dose. This finding
provides evidence that ROS are capable of triggering
structural deficits in the lipid bilayer and cytoskeleton of
RBC membranes. However, RBCs have the ability to resist
such deformation and recover. Benderitter et al [32].
demonstrated that the level of lipid peroxidation increased
in the hours after radiation exposure but was not observed
after 3 days post-irradiation. However, the recovery system
may repair damage caused by ROS faster than was previ-
ously thought. At a dose of 10 Gy, no morphological
alterations or geometrical changes have been observed
compared to the controls, but the value of membrane
roughness was smaller than that of the control. The reason
for the decrease in the surface roughness is not yet clear,
but it may be an attempt to reorganize the cell membrane
components to maintain the integrity of the surface. We
hypothesize that at 10 Gy, relatively small and unsta-
ble nano-pores were initially formed that were then oblit-
erated by a recovery mechanism within the cells, which
occurred a few hours after irradiation. However, the level
of damage induced by doses higher than 10 Gy could be
beyond the repair ability of the cell, at least at the nano-
scale level.
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It is worth noting that the irregularities observed on the
cell membrane of irradiated RBC are unlikely to be arti-
facts due to imaging or drying. During air-drying, the
RBCs are subjected to stress and strain effects that may
cause some structural abnormalities on their cell mem-
branes. However, such abnormalities have not been
detected on the membrane surface of non-irradiated RBCs,
and are indicative of an oxidation effect.

Moreover, some anticoagulants may induce morpho-
logical changes in erythrocytes [33, 34], such as Hemolysis
anisocytosis and swelling. Walencik and Witeska [35]
compared the effects of three anticoagulants on the ery-
throcytes of Cyprinus carpio L. They found that sodium
citrate and EDTA induced hemolysis in the erythrocytes of
C. carpio L, while heparin caused no significant alterations.
Similar results have been observed by Magbool et al. [36]
who investigated the impacts of EDTA and heparin on the
RBC morphology of Oncorhynchus mykiss. These obser-
vations may be further supported by our results that no
significant structural changes were observed in heparin
treated samples (controls).

Conclusions

Irradiation of RBCs by gamma radiation could cause var-
ious degrees of damage to RBCs membranes. The damage
to the cell membrane is dose-dependent. The differences
between the fine structure of the cell membranes of irra-
diated and non-irradiated cells are clear; however, these
dissimilarities were indistinguishable when using a large
scan size. Nano-pores and crater-like structures were dis-
tributed over the entire cell membrane. Additionally, irra-
diation of the cells induced a remarkable change in their
roughness. Such alterations could result in impairment of
the cells’ function.
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