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DESFERAL EFFECT ON HUMAN ERYTHROCYTE MEMBRANE.
AN ATOMIC FORCE MICROSCOPY ANALYSIS

MARIA TOMOAIA-COTISEL? DANIELA-VASILICA POP-TOADER?,
ULPIU VLAD ZDRENGHEA®, GHEORGHE TOMOAIA®,
0OSSI HOROVITZ® AND AURORA MOCANU?

ABSTRACT. The surface topography of erythrocyte membrane was imaged
with the atomic force microscope (AFM), operating in tapping mode, and the
effect of desferal (deferoxamine mesylate: DFO) at various concentrations on
the cell membrane was investigated. The normal (control) human erythrocytes,
without DFO, showed a clear concave form. After the incubation of fresh blood
with increasing DFO concentrations, from 5 x10° " M to 5 x 10°M, a progressive
increase in both concave depth and surface roughness of erythrocytes were
observed. Further, the AFM images indicated that the particles (granules) of
the cell surface nanostructure increased with the increasing DFO concentrations.
This increase of surface granules is due to the aggregation of lipid nanoparticles
and lipid domain formation, induced by DFO. The data are in substantial
agreement with our previously published results obtained on lipid membrane
models in the presence of DFO. Besides domain formation, the pore formation
within human erythrocyte membrane was observed in the presence of desferal.

The DFO effect on lipid membranes might be also associated with the
maodification of both the conformation and the aggregation of membrane proteins,
probably leading to an increased permeability of cell membrane.

Keywords: desferal, domain formation; porous membrane structure; erythrocyte
membrane; AFM

INTRODUCTION

The molecular mechanism of the drug interaction with cells and the
involvement of interfacial phenomena at the cell membrane are still not well
understood, in spite of numerous investigations [1-12]. As a first step, the drugs
action presumes that the drug molecules modify the lipid membrane structure [6-
12] and thus, they may change the biological membrane properties [5, 9-12].
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The objective of the present work is to analyze the effect of a drug, such
as desferal, on the structural and topographical characteristics of erythrocyte
membrane using atomic force microscopy (AFM). Recently, AFM was used to
image the surface of membrane models [13-16] and of cell membranes [17-19].
AFM observations of erythrocyte membranes were used to characterize the
membrane structure [20-24] and the AFM images revealed the effect of different
organic and inorganic compounds on cellular membrane [25, 26].

Desferal (DFO) or desferrioxamine mesylate is N-[5-[3-[(5-aminopentyl)-
hydroxycarbamoyl] propionamido] pentyl] -3- [[5-(N-hydroxyacetamido)-pentyl]
carbamoyl] propionohydroxamic acid monomethanesulfonate (scheme 1). It is
a transition metal chelator derived from ferrioxamine B, a sideramine isolated
in 1960 from Streptomyces pilosus. Since it forms a very stable complex with
iron(lll), DFO is used for clinically removal of excess iron from blood and
tissue [27] and consequently, for the treatment of acute iron poisoning and iron-
overload anemia, such as thalassaemia major [28], as well as aluminium
poisoning associated with chronic renal dialysis [29].
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We have previously investigated the acid and basic properties of
desferal [30], and have made a spectroscopic study of this compound and
its Fe(lll) complex [31, 32]. Since desferal is supposed to act on erythrocyte
membrane, we have previously investigated its effects on lipid membrane
models, such as lipid monolayers, and determined the domain formation within
lipid membrane layers as a function of drug concentration [12].

RESULTS AND DISCUSSION

For this work, we have chosen fresh human blood which offers stable
erythrocytes. Erythrocytes samples without or treated with desferal (DFO)
are investigated by AFM at room temperature in air.

The erythrocyte cell morphology

AFM images obtained for the whole cell surface morphology of control
samples is presented in Figures 1, at two scanned areas of 10 um x 10 ym and
0.5 ym x 0.5 ym. The AFM images of control samples show that erythrocytes
present a concave donut shape with average lateral size.
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Figure 1A. AFM images of erythrocyte membrane surface, control sample:
a) 2D — topography; b) phase image; ¢) amplitude image; d) 3D-topography;

e) profile of the cross section along the arrow in image (a). Scanned area: 10 um x 10 um.
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Figure 1B. AFM images of erythrocyte membrane surface, control sample:
a) 2D — topography; b) phase image; c) amplitude image; d) 3D-topography; e) profile
of the cross section along the arrow in image (a). Scanned area: 0.5 ym x 0.5 ym.

About 8 um in diameter and nearly 0.14 ym in depth of concave shape
(Figure 1A, Table 1). The nanostructure of normal human erythrocytes is featured
by closely packed granules or particles with diameter of about 22 nm and
almost uniformly distributed (Figure 1B, Table 1).

The granules probably correspond to membrane lipids well packed
into the lipid part of the membrane surface in substantial agreement with lipid
nanostructure found in monolayer membrane model [16]. These particles might
also correspond to membrane protein protruding from the cell surface, mentioned
as a probability [20].
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The erythrocyte cell morphology in presence of low desferal

concentration

Figures 2 and 3 show AFM images of erythrocytes treated with low
desferal concentration for two different scanned areas. After mixing of fresh
blood with desferal solution the desferal concentration became 5 x 10 7 M. The
whole surface of erythrocytes is mainly characterized by the same cell shape
(Figure 2) as for control sample without DFO (Figure 1A).

The membrane nanostructure in the presence of a low desferal
concentration (Figure 3) is only a little different than for control (Figure 1B).
The surface roughness, given by root mean square (RMS), is also very similar
for these situations at the same scanned area (Table 1).

The erythrocyte cell morphology in presence of medium desferal

concentration

The erythrocyte surface morphology is illustrated in Figs 4 and 5, for
two different scanned areas, at medium desferal concentration of 5 x 10 °
M. AFM images indicate both the cell shape (Figure 4) and membrane
surface nanostructures (Figure 5) are perturbed by the presence of desferal
at medium concentration.
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Figure 2. AFM images of erythrocyte membrane surface in the presence of DFO
5x 107 M. a) 2D — topography; b) phase image; c) amplitude image; d) 3D-topography;
e) profile of the cross section along the arrow in image (a). Scanned area: 10 ym x 10 ym.

Figure 4 presents the AFM images of an erythrocyte at a scanned area
of 10 um x 10 ym. It is clear that the concave form is again preserved as for
control sample (Fig 1A), but the concave depth is much higher, to about 340 nm
(Figs 4, e). The lateral size of the cell is about 8 or 8.5 ym in diameter.

It is to be noted that in Figure 4, around the cell some NaCl fragments
are evidenced, probably formed during the drying process of samples. These
small NaCl deposits will not affect the AFM analysis.
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Figure 3. AFM images of erythrocyte membrane surface in the presence of DFO
5x 107 M as shown in Figure 2. a) 2D — topography; b) phase image; c) amplitude
image; d) 3D-topography; e) profile of the cross section along the arrow in
image (a). Scanned area: 0.5 ym x 0.5 ym.
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Figure 4. AFM images of erythrocyte membrane surface in the presence of DFO
5x 10° M. a) 2D — topography; b) phase image; ¢) amplitude image; d) 3D-topography;
e) profile of the cross section along the arrow in image (a). Scanned area:

10 um x 10 um. NaCl crystals were formed during the drying period of the
erythrocyte cells on glass surface.

The membrane nanostructure in the presence a medium desferal
concentration (Figure 5) is rather different than for control (Figure 1B) or for
erythrocytes in presence of low desferal concentration (Figure 3).

The domain formation induced by desferal is well illustrated in Figure 5,
particularly in panels b and c. In addition, in Figure 5b it is to be observed a clear
tendency to pore formation for this desferal concentration.
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Figure 5. AFM images of erythrocyte membrane surface in the presence of DFO

5x 10™° M, as shown in Figure 4. a) 2D — topography; b) phase image; c) amplitude

image; d) 3D-topography; e) profile of the cross section along the arrow in image
(a). Scanned area: 0.5 ym x 0.5 pym.
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However, it is to be observed that the membrane nanostructure is
relatively uniformed (Figure 5, ¢ and e) and the surface roughness is rather
small (Table 1). The granules or surface particles are from about 30 nm to
50 nm (Figure 5 e, and Table 1). From these data, we can suggest a stabilizing
effect of desferal on erythrocytes membrane which can be related with the
desferal action on sickle cells deformability [33].

The erythrocyte cell morphology in presence of high desferal

concentration

The erythrocyte surface morphology is illustrated in Figs 6-10, for four
different scanned areas, at high desferal concentration of 5 x 10 3 M. AFM
images indicate a remarkable change in both cell shape (Figs 6 and 7) and in
membrane surface nanostructures (Figs 8-10).

Figure 6 presents the AFM images of several erythrocytes at a scanned
area of 15 ym x 15 uym. It is clear that the three cells are somewhat separated
from each other, but the cell concave form disappears.

In Figure 7, the AFM images are shown on a single cell (scanned area:
10 um x 10 ym). Again they show that an erythrocyte is not of concave
form, and it is completely different than the control sample (Figure 1A) or than
erythrocytes at low (Figure 2) or medium desferal concentration (Figure 4). In
other words the concave donut form can no more be identified. This situation
can be correlated with a strong interaction of desferal with the cell membrane,
leading to the deterioration of the membrane (Figure 6a and Figure 7a).
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Figure 6. AFM images of erythrocyte membrane surface in the presence of DFO

5x10° M, zone 1. a) 2D — topography; b) amplitude image; c) 3D-topography; d) profile
of the cross section along the arrow in image (a). Scanned area: 15 pym x 15 ym.
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Figure 7. AFM images of erythrocyte membrane surface in the presence of 5 x
10" M desferal as described in Figure 6. a) 2D — topography; b) amplitude image;
c) 3D-topography; d) profile of the cross section along the arrow in image (a).
Scanned area: 10 ym x 10 ym.

The membrane nanostructure in the presence of high desferal
concentration (Figs. 8 -10) is also much different as that for control sample
(Figure 1B) or for erythrocytes in presence of low (Figure 3) or medium desferal
concentration (Figure 5).

At this high desferal concentration (5 x 10~ M) the further surface
aggregation developed into a long array of aggregated particles and big
elongated shaped pores (Figs. 9 and 10). The surface roughness is higher
and the granules aggregates are very large (Table 1).
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Figure 8. AFM images of erythrocyte membrane surface in the presence of DFO
5x 10° M. a) 2D — topography; b) amplitude image; c) 3D-topography; d) profile
of the cross section along the arrow in image (a). Scanned area: 5 ym x 5 ym.

Thus, desferal binds to human erythrocyte membranes and induces
domain and pore formation on erythrocyte membranes. The domain and pore
structures mediated by high desferal concentrations might be responsible
for both enhanced surface aggregation of erythrocyte membrane and even
perforation.

At low concentration, desferal can only induce the domain structure
formation. With a higher DFO concentration, such as 5x107° M, the further
aggregation developed into large pores.
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Figure 9. AFM images of erythrocyte surface in the presence of DFO 5 x 10° M,

zone 2. a) 2D - topography; b) phase image; c) amplitude image; d) 3D-topography;
e) profile along the arrow in image (a). Scanned area: 5 ym x 5 ym.
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Figure 10. AFM images of erythrocyte membrane surface in the presence of
DFO 5x 10 M, zone 2. a) 2D —topography; b) phase image; c) amplitude image;
d) 3D-topography; e) profile of the cross section along the arrow in image (a).
Scanned area: 2.5 ym x 2.5 ym.

The erythrocyte membrane is a mosaic formed from a lipid bilayer
with intrinsic and extrinsic proteins. DFO and other drugs may influence the
interaction among lipids and proteins and bring changes in the membrane
surface structure.

Table 1. Erythrocytes size, concave depth, granules diameter, RMS on scanned
areas and on cross profile through the erythrocyte membrane, for fresh blood diluted
with 0.15 M NaCl aqueous solution in the 1:1, (v:v), volume ratio, for various
desferal (DFO) concentrations.

DFO Fig. Scanned Cell | Concave | Granules RMS on RMS on
conc., areas, size depth (nm) scanned cross profile
(M) (umx pm) | (um) (nm) areas (nm) (nm)
0 - 10x 10 8.0 135 - 147 99
- 0.5x0.5 - - 24 1 0.2
1A 10x 10 8.4 140 - 150 101
1B 0.5x0.5 - - 22 1 0.2
2 10x 10 7.7 180 - 170 102
5x107 | 3 0.5x0.5 - - 30 2 0.6
- 10x 10 8 300 - 265 161
- 0.5x0.5 - - 55 3 2
5x10° 4 10x 10 8.5 340 - 274 147
5 0.5x0.5 - - 50 1 1
6 15x 15 - - 680 32 32
7 10x 10 - - 600 33 20
5x10° | 8 5x5 - - 400 25 10
9 5x5 - - 400 18 16
10 25x25 - - 230 14 8
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The mechanism of domain and pore formation leading to membrane
perforation, provoked by high DFO concentration, could be discussed on the
basis of specific interactions among DFO and lipids.

We suggest that the lipid and DFO interactions can lead to the
aggregation of membrane lipids and to the coexistence of different lipid and
protein phases in the erythrocyte membrane resulting from desferal membrane
binding. Of course, the possibility of direct interaction of membrane proteins
and desferal can not be eliminated.

The DFO might also alter the interaction of extrinsic proteins with lipid
bilayer membrane, again as an effect of the drug binding to the human
erythrocytes membranes.

At the same time, desferal molecules penetrated into the lipid membrane
can influence the intrinsic membrane proteins and the membrane skeleton.

There might also be a drug distribution into the lipid layers, leading to
an increased stability at low DFO concentrations or to a slightly decreased
stability of the membrane for medium DFO concentration or even the damage
of the erythrocyte membrane at very high DFO concentrations. Domain and
pore formation are probably connected to an enhanced permeability of cells
in presence of DFO at high concentrations.

Therefore we intend to extend our investigation on erythrocytes in
the presence of higher desferal concentrations for a better understanding of
desferal effects and potential implications in medical treatment.

CONCLUSIONS

The examination of AFM images on human erythrocytes in the absence
and the presence of desferal at different DFO concentrations throw some
light on the effect of desferal on cell membranes.

At low DFO concentrations, both the morphology of erythrocyte cells
and their membrane nanostructures reveal no a significant difference in
comparison with the situation of control sample, erythrocytes without DFO.

At intermediate DFO concentrations, the analysis of AFM images
showed that the binding of desferal to erythrocyte membranes led to
nanostructured domain formation but at the higher DFO concentration even
the pore formation was evidenced.

The domain and pore structures mediated by desferal increased high
concentrations might be responsible for both enhanced surface aggregation
and the perforation of erythrocyte membrane.

The mechanism of domain and pore formation or the perforation process
induced by desferal at its highest concentration used can be discussed on
the basis of specific interactions among desferal and the membrane lipids.

These molecular interactions can lead to the aggregation of membrane
lipids and to the coexistence of different lipids and proteins phases in erythrocyte
membrane resulted from desferal membrane binding.
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The possibility of direct interaction of membrane proteins and desferal
can also contribute to the erythrocyte membrane changes in the presence
of desferal.

EXPERIMENTAL SECTION

Desferal (DFO) of high purity was purchased from Ciba-Geigy, Basle,
Switzerland. The DFO concentrations range in aqueous solutions, containing
0.15 M NaCl, was from 5 x 107" Mto 5 x 107> M.

Fresh human blood was used in all experiments. To avoid osmotic
pressure modifications, and consequently the swelling of human blood cells,
all used aqueous solutions with or without drugs contained 0.15 M NaCl.

Human blood was diluted with 0.15 M NaCl aqueous solution in the
1:1 volume ratio, resulting in the control dispersion. The human blood was
also treated with DFO solutions, containing 0.15 M NacCl, in the same 1:1
volume ratio as the control dispersion. The fresh blood was incubated with
or without DFO, at room temperature, about 22 °C, for 30 min.

Then, 10 uL of control and DFO treated blood dispersions were each
deposited on optically polished glass plate surface. The residual dispersion
was removed with a piece of filter paper placed at the edge of deposited area
and the samples were dried in the environmental air conditions.

During the drying process, the control and DFO treated blood samples
were covered with a bicker to avoid durst. The dried control samples and DFO
treated blood samples were imaged by atomic force microscope, AFM,
JEOL 4210.

Atomic force microscopy is a surface imaging technique with a
nanometer-scale resolution [13-18]. The cantilevers with a resonance frequency
of 250 — 350 kHz were used. Triplicate samples were prepared from each blood
sample and at least four separate areas were imaged for every independent
sample.

Through this investigation, AFM images were obtained at several drug
concentrations in order to examine the effect of desferal on the surface
morphology of erythrocytes membrane.
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