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Abstract

The extent and time course of the impairments occurring in whole blood and erythrocyte cells stored under blood
bank conditions were studied by monitoring the reduction of MAL-6 spin label added to the media containing whole
blood or erythrocyte cells using electron spin resonance(ESR) technique. Impairments forming in the erythrocyte
cells incubated for various times at 378C were also studied. Erythrocyte cells were found to undergo changes during
the storage or incubation, leading to fast decay of MAL-6 spin labels signal height. The extent of the changes
depends on storage or incubation time. However, the reduction in incubated or artificially aged erythrocyte(AAE)
cells was faster than the reduction in whole blood(WB) and aged erythrocyte(AE) cells stored under blood bank
conditions. Two exponential curves attributed to the liquid and cellular parts of a given samples were found to be
described best in the reduction of MAL-6 spin label in WB, AE and AAE.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

When blood is collected in a standard antico-
agulant preservative solution and stored under
blood bank conditions the red cells slowly undergo
changes, which lead to a loss of red cell viability
and the capacity to off-load oxygen normally. The
red cell viability and hence its post-transfusion
survival is related in large extent to the structural
and metabolic status of the red blood cell
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AAE, Artificially aged erythrocyte; ESR, Electron spin
resonance.
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membrane. Spin-label methodologies have been
extensively applied to monitor alterations in the
behavior of membrane protein and phospholipids
w1–10x. Stearic acid and MAL-6(4-maleimide-
2,2,6,6-tetramethyl-piperidinyl-1-oxyl) spin labels
have been exclusively used to study the properties
of the erythrocyte membrane.
Besides its quantitative reactions with cell pro-

teins such as spectrin, band 3, band 2-1 and other
high molecular weight proteinsw7,11–13x MAL-
6, like other nitroxide may undergo significant
redox reactions in biological systemsw14–21x
which is pronounced as a decrease of the ESR
signal intensity due to the loss of its paramagnet-
ism. Erythrocytes stored under blood bank condi-
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tions undergo progressive metabolic impairment
originating from profound rearrangement of the
membrane components, which gives rise to the
production of vesiclesw22–24x. Moreover, the
degradation of erythrocyte membrane proteins by
exogenous or endogenous proteinases has been
shown to affect substantially the order of the
membrane and hence, the ESR signals of the spin
labels attached to the protein components of this
membranew7,11,14,19,21,25,26x.
Characterization and determination of the rate

of the alterations occurring in erythrocyte cells
during the storage are two important aspects of
the blood storage. Although, the alterations in
shape and membrane structure of erythrocyte cell
have been extensively studiedw1–10,14,17–21x,
the rate of these alterations are studied only in few
works w1,4x. Therefore, the aim of the present
work is to study in detail the rate of the alterations
occurring in whole blood in erythrocyte suspen-
sions stored in blood bank conditions and in
erythrocyte suspensions artificially aged at 378C
basing on the redox reactions of MAL-6 spin label
in these media by ESR spectroscopy.

2. Materials and methods

2.1. Sampling of blood, storage and incubation

Human blood was collected by venipuncture
into heparinized tubes from type A Rhesus positive
volunteers. Immediately after collection, blood was
subdivided into two parts. The first was stored at
q4 8C under blood bank conditions and it is
called as stored whole blood(WB). The second
was used to get intact erythrocyte cells, which
were sedimented by centrifugation of whole blood
at 1100=g for 20 min. After collecting the buffy
coat by aspiration, the packed erythrocytes were
suspended in the phosphate-buffered ringer solu-
tion (PBS) composed of 140 mM NaCl, 3 mM
KCl, 8 mM Na HPO , 1 mM KH PO , 0.9 mM2 4 2 4

CaCl and 0.5 mM MgCl. Complete removal of2

platelets and leukocytes from the erythrocyte sus-
pension was obtained by repeating this procedure
three times. Washed intact erythrocytes were also
divided into two parts. The first part was stored at
q4 8C under blood bank conditions and the second

part was incubated at 378C with gentle shaking
for predetermined times. They were called aged
erythrocyte(AE) and artificially aged erythrocyte
(AAE), respectively. All preparations were per-
formed under steril conditions; nevertheless 200
mg ml Avocin was added to the incubationy1

mixture. Sterility tests were performed throughout
the experiments and proved to be negative. Meas-
urements were carried out on 1 ml aliquots of WB,
AE and AAE at the end of predetermined storage
(up to 60 days) and incubation(up to 73 h) times
after adding appropriate amount of MAL-6(4-
maleimide-2,2,6,6-tetramethyl-piperidinyl-1-oxyl)
spin label.

2.2. Method and measurements

Signal intensity decays of MAL-6 spin label in
WB, AE and AAE samples were monitored using
ESR spectroscopy. MAL-6 spin label was pur-
chased from Sigma and used without further puri-
fication. 0.1 ml of 1 mM MAL-6 chloroform
solution was evaporated by nitrogen gas flow and
solvent was completely removed by continous
pumping for 12 h. Then, 2 ml blood sample was
added on and the mixture was shaked gently for 2
min. Measurements were performed on the sam-
ples transfered into calibrated capillary tubes
placed in the normal ESR tubes of 4 mm inner
diameter permanently positioned in the resonance
cavity. Each experiment was repeated three times
and the results were given as the mean of these
measurements. The intensity of ESR signals was
calculated using the formulaIsDH =I where2

PP PP

DH and I are the linewidth and height of thePP PP

mid-field hyperfine line of MAL-6 spectrum,
respectively. The decrease in the signal intensity
of MAL-6 spin label as a function of time was
monitored to carry out kinetic information con-
cerning the interactions between MAL-6–whole
blood and MAL-6–erythrocyte cells stored under
blood bank conditions or artificially aged for
various time lengths. Five minutes after the addi-
tion of whole blood or erythrocyte PBS suspen-
sions to the beackers containing spin label was
adopted as measurement starting point for each
sample and measurements were performed every
5 min over a period of 120 min. All signal
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Fig. 1. ESR lineshape of MAL-6 spin label in fresh WB.(a)
10 min; (b) 120 min after the addition of spin label.

Fig. 2. Variation of the mid-line intensity of MAL-6 spin label
during the measurement time in the fresh plasma and in plasma
isolated from WB stored for 60 days.(j) fresh, (d) stored.
Symbols: experimental; doted lines: theoretical.

intensities were normalized with respect to the
initial signal intensity.
A Varian 9’ E-L X band ESR spectrometer

operating at 9.5 GHz and equiped with a TE104

rectangular double cavity was used to carry out
the measurements. All spectra were recorded at
room temperature(approx. 208C). A DPPH ref-
erence sample placed in the front cavity was used
to control spectrometer setting conditions from one
sample to another.

3. Results

3.1. Stored whole blood (WB)

ESR line shape of MAL-6 in fresh WB 10 and
120 min after the addition of the spin label are
shown in Fig. 1. As seen, both of the spectra are
typical of dilute MAL-6 nitroxide aqueous solu-
tions. That is, the line shape excludes any evidence
of strongly immobilized spin label. Therefore, it
can be concluded that even 120 min after the
addition, spin labels stay always in the liquid
environment of the blood and that no attachment
of the spin labels to the blood cells takes place
during the whole measurement time(0–120 min).
ESR line shape of MAL-6 in WB stored for

various times was found to stay unchanged also
during the measurement time. As for the signal
intensity, it is decayed with a rate depending on
the storage period over the measurement time. The
decay in signal intensity in WB is expected to
result from rapid redox processes involving the
MAL-6 spin label in the presence of different
blood components. Experiments were performed

to determine the contribution of the plasma part to
the redox processes of MAL-6. Plasma isolated
from fresh and stored WB containing appropriate
amount of MAL-6 spin label were used in these
experiments. The results obtained for a plasma
sample isolated from WB stored for 60 days is
given in Fig. 2. As seen, signal intensity varies
very slowly over the measurement time. This was
also the case for plasma isolated from fresh blood.
Therefore, it was concluded that MAL-6 involving
redox processes in fresh and stored WB arise
rather from cellular part, that is from the part
including erythrocytes, leucocytes and thrombo-
cytes of the blood. This fact avoid us to perform
a reliable comparison of the signal intensity decays
of two different samples due to the difficulty in
controlling the amount of plasma and cellular parts
in a given sample and the volumes that they
occupy in the effective length of the microwave
cavity. To overcome this difficulty a fitting proce-
dure was adopted assuming that MAL-6 spin labels
staying in the plasma part and not interacting with
the cell components of the blood contribute very
weakly to the signal intensity decay while those
spin labels staying in the vicinity of erythrocyte,
leucocyte and thrombocytes dominates the signal
intensity decay. Although the spin label concentra-
tions were same for studied WB samples, their
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Fig. 3. Variation of the mid-line intensity of MAL-6 spin label
in fresh and stored WB over the measurement time. Storage
days at blood bank conditions are:(h) fresh,(s) 5, (n) 15,
(∑) 20, (q) 30 and (*) 60. Symbols: experimental; doted
lines: theoretical.

plasma and cellular parts differed from one sample
to another. Therefore, the experimental signal
intensity data of each sample were fitted to two
exponential decay functions of different decay
constants and of different weights. Exponential
decay functions obtained from fitting procedure
and corresponding experimental signal intensity
decay data both normalized to their values at
measurement starting times, that is, 10 min after
the addition of MAL-6 spin label, are given in
Fig. 3 for WB samples stored for 0; 5; 15; 20; 30;
30 and 60 days. As seen, the decay rate of mid-
field line intensity of MAL-6 spin label increases
with increase in storage time. The decay constants
calculated for studied samples are summarized in
Table 1.

3.2. Aged intact erythrocytes (AE)

The decays of MAL-6 spin label signal intensity
in the PBS suspension of erythrocyte were also

studied using ESR spectroscopy. The possible
decay of MAL-6 spin label in pure PBS solution
was investigated first and, as in the case of plasma,
a very slow exponential decay was observed(Table
1). However, the presence of intact erythrocyte in
the suspension was found to produce a rapid decay
in the signal intensity of MAL-6 spin label. There-
fore, it is concluded that spin labels staying in
very close vicinity of erythrocyte cells undergo
rapid redox processes which reduce the spin labels
to ESR silent units as in the case of stored WB.
A similar fitting procedure that is used in Section
3.1 was adopted to analyse the experimental signal
decay data obtained for AE samples. The experi-
mental and theoretical data derived are given in
Fig. 4 and Table 1. As in the case of stored WB,
the longer the storage time the faster is the decay
of MAL-6 spin label signal intensity.

3.3. Artificially aged intact erythrocytes (AAE)

The kinetics of the redox reactions that MAL-6
spin label is involved in the PBS suspension
containing intact erythrocyte cells incubated at 37
8C in protein free medium for various times were
investigated in this section. The results obtained
using similar data analysis procedure discussed in
the previous sections are given in Fig. 5 and Table
1. The main conclusion that one can draw from
these data is, longer the incubation time, faster is
the decay rate of MAL-6 spin label, in AAE
suspensions.

4. Discussion

The investigation carried out in the present work
seeking the determination of the evolution of the
impairments occuring in the bloods stored under
blood bank conditions or artificially aged is based
on the direct measurements of loss of paramagnet-
ism of MAL-6 spin label added to the samples
prepared from those blood by monitoring ESR
signal intensity. However, apparent decreases in
spin label concentration may also occur from the
possible changes of spectroscopic factors rather
than true redox processes of nitroxide radical. This
is especially likely, if the concentration of spin
lable is determined by measurements of line
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Table 1
Decay constants calculated from fitting procedure for studied samples

Samples Storage or incubation Decay constanta Correlation coefficient
time k=10 (min )3 y1 r

Plasma Fresh 1.52"0.43 0.601
60b 2.06"0.76 1.003

PBS solution Fresh 1.32"0.27 0.987

WB Fresh 14.54"1.76 0.743
5b 15.84"1.17 0.861
15b 17.97"1.53 0.729
20b 24.37"2.05 0.854
30b 27.65"2.47 0.916
60b 32.85"3.15 0.943

AE Fresh 20.40"1.67 0.922
15b 22.35"1.73 0.891
30b 29.29"2.11 0.998
60b 32.26"3.22 0.910

AAE Fresh 20.40"1.67 0.691
19c 35.30"3.50 0.799
43c 40.48"4.10 0.916
73c 67.29"4.89 0.677

WB: Whole blood.
AE: aged erythrocyte stored under blood bank conditions.
AAE: erythrocyte artificially aged at 378C in protein free medium.
Decay constants are expressed as means of three independent measurements"S.D.a

Storage time in days.b

Incubation time in hour.c

heights, which is the case in the present work,
because several factors can simultaneously affect
line width. Relatively small changes in line width
can lead to large changes in the line height. The
decrease in motional amplitude and increase in
oxygen concentration can result in line broadening.
The lineshapes and line widths of the ESR spectra
recorded for samples studied in the present work
were found to stay unchanged under the same
experimental conditions during ESR measurement
time (120 min), so that the kinetic constants can
be directly obtained by plotting ln(line height) vs.
measurement time. The independence of line width
from time allowed us to exclude the possible line
broadening effect originating from the changes in
the O concentration in the studied samples during2

the course of ESR measurements. The shapes of
the spectra obtained for the studied samples indi-
cate that MAL-6 spin label is located in the

aqueous parts of the samples without penetrating
into the membranes of constituent cellular
elements.
MAL-6 has the nitrogen atom of the nitroxide

group in an unsaturated heterocyclic ring. The
kinetic stability of the nitroxide group is primarily
based on steric blocking via bulky methyl groups
on the adjacent ring carbons, although electron
delocalization also plays a significant role. MAL-
6 losts its paramagnetism through many different
reactions w27,28x. However, recombination with
free radicals and reduction through the capture of
an electron and a proton are two main reactions
encountered in biological systems.
Nitroxides are quite stable in aqueous solutions,

especially at alkaline pHw28–30x. However,
detectable losses of very stable nitroxides even in
distilled water have been reportedw31x. The weak
losses in the MAL-6 spin label paramagnetism
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Fig. 4. Variation of the mid-line intensity of MAL-6 spin label
in the PBS suspension of fresh and stored intact erythrocyte
(AE) over the measurement time. Storage days at blood bank
conditions are:(h) fresh,(s) 15, (n) 30 and(x) 60. Sym-
bols: experimental; doted lines: theoretical.

Fig. 5. Variation of the mid-line intensity of MAL-6 spin label
in the PBS suspension of fresh and incubated intact erythrocyte
(AAE) over the measurement time. Incubation temperature and
times expressed in hours were, respectively, 378C and (*)
fresh, (∑) 19, (s) 43 and (h) 73. Symbols: experimental;
doted lines:theoretical.

observed in the present work in PBS and blood
plasma reflects the presence of electron sources in
these media(k for PBSs0.00132"0.00027,k for
plasmas0.00152"0.00043). The presence of one
or two electrons donating centers in the medium
gives rise to the formation of sterically hindered
hydroxylaminesw32x. However, a feature of nitrox-
ide reduction is that the process takes place only
if both an electron donor and a proton donor are
present in the medium. Therefore, the reduction of
nitroxides undergoes only in an acid organic medi-
um or water. However, the samples studied in the
present work contain microheterogeneities and as
a result of this all samples have aqueous and
cellular parts. Transport and reduction reaction
characteristics in these parts are very different.
Therefore, the localization of nitroxide in the

heterogeneous medium can change drastically the
kinetics of reduction of nitroxidesw33x.
Biexponential signal decay kinetics is observed

in the present work for the studied blood samples,
because it is normally indicative of different
regions of localization of nitroxides(aqueous solu-
tion and vicinity of cellular elements). Nitroxides
with maleimide can react with SH group of pro-
teins w17,34,35x. It was shown that the incubation
of nitroxides in native erythrocytes and platelets
resulted in the reduction of nitroxide moiety, and
it was assumed that the reaction was connected
with SH group both inside the cells and in the
blood plasmaw18–20x. Reduction also may be
determined by the simultaneous presence of two
or more different reducers with different localiza-
tion, e.g. by direct interaction of nitroxides with
sulfhydryl groups of peptides and proteins and by
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reduction and functioning of the electron transport
chain in biological membranes. Ascorbic acid is
another component in erythrocytes, which can
reduce directly or mediators nitroxidesw36x,
although its activity in a membrane suspension is
reduced in comparison with that of cells.
Red cells undergo a large number of changes in

shape and membrane structure during storage
under blood bank conditions andyor incubation at
37 8C. Discocyte–echinocyte shape changes and
cellular swelling takes place just at the begining,
then spectrin rearrangement and dephosphorylation
of proteins occur. After many intermediary events
it changes and reaches to the step where irrevers-
ible membrane crosslinking and loss of lipid ves-
icles take placew22x. The differential consumption
of MAL-6 spin label calculated in the present work
by ESR technique is indicative of an increasing
susceptibility to oxidative impairment of blood
systems. Experimental results show that longer the
storage time andyor incubation time the bigger is
the impairment in WB, AE and AAE and, there-
fore, is faster in the decay of signal intensity
(Table 1). The decay rates of nitroxide increase
with increase in storage time for both AE and WB
and they reach to 0.03226"0.00322 and
0.03285"0.00315 at the end of 60 days storage,
respectively. As for impairment in the erythrocyte
incubated at 378C, it is much faster. Rate constant
for AAE samples reaches to a value of
0.06729"0.00489 after an incubation period of 60
h. This is nearly two times bigger than the rate
constant obtained for AE and WB samples at the
end of a storage time of 60 days. This finding is
in accordance with the results given in literature
w4,37x. Increase in vesicles release of erythrocyte
with the increase in storage andyor incubation time
may represent one of the major increase in MAL-
6 spin label consumption due to an increase in the
number of accessible membrane protein sulfhydryl
groups(SH). However, the crenation depends on
the lipid bilayer and on the membrane skeleton,
which plays a critical role in the maintenance of
red cell integrity and shape.
In accordance with our experimental results,

erythrocytes incubated in protein-free media have
been found to undergo a rapid process of aging
with loss of approximately 50% of sialoglycopep-

tides from the membranew25x. In vivo aged eryth-
rocytes also have been observed to loose their
membrane lipids and carbohydrates imposing the
rearrangement of the membrane components. This
produces alterations in the states of membrane
proteins, so that the access of MAL-6 spin label
to their sulfhydryl groups becomes easier.

5. Conclusions

We conclude from the results of the present
work and relevant data given in the literature that:

1. Biexponential decay approach better describes
the experimental nitroxide signal intensity decay
data obtained for WB, AE and AAE samples;

2. impairment in erythrocytes incubated at 378C
is much faster than the erythrocytes stored at
blood bank conditions;

3. variation of impairment with storage time in AE
and WB are not very different, and, therefore,
the majority of impairment originates from
erythrocyte cells;

4. sulfhydryl groups in blood samples are primarily
responsible for the reduction of nitroxide free
radicals;

5. oxidative damage of membrane may leads to
drastic changes in the structure and function of
stored and artificially aged erythrocytes; and

6. the efficiency of various blood preservative can
be studied by this technique.
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