Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with
documents contained within a PDF Package. By updating to the latest version, you'll enjoy
the following benefits:

- Efficient, integrated PDF viewing
- Easy printing

« Quick searches

Don’t have the latest version of Adobe Reader?

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8,
click a file in this PDF Package to view it.



http://www.adobe.com/products/acrobat/readstep2.html


BIOELECTROCHEMISTRY

Editorial Board

Principal Editor
E. Neumann (Bielefeld, Germany)

Associate Editors

Electrified Interfaces

and Biosensing

R. Guidelli (Florence, Italy)

W. Kutner (Warsaw, Poland)

A.M. Oliveira-Brett (Coimbra, Portugal)

Molecular and cellular
electric field effects

R.A. Gilbert (Tampa, FL, USA)

E. Neumann (Bielefeld, Germany)

Physical Biochemistry and Signal A. Kuhn (Bordeaux, France)

Transduction
M.A. De la Rosa (Sevilla, Spain)

Membrane Electrochemistry
T. Hianik (Bratislava, Slovak Republic)

Advisory Board

F.A. Armstrong (Oxford, UK)

E. Bamberg (Frankfurt (a.M.), Germany)
P.N. Bartlett (Southampton, UK)

Y.A. Chizmadzhev (Moscow, Russia)

R. Dimova (Golm (Potsdam), Germany)
R. Heller (Tampa, Fl, USA)

J. Gehl (Kopenhagen, Denmark)

L. Gorton (Lund, Sweden)

N. Hu (Bejing, China)

J. Lipkowski (Guelph, Ontario, Canada)
D. Miklavcic (Ljubljana, Slovenia)
L.M. Mir (Villejuif, France)

A.M. Rajnicek (Aberdeen, UK)

E. Palecek (Brno, Czech Republic)
K. Schoenbach (Norfolk, VA, USA)
G. Sersa (Lubljana, Slovenia)

J. Teissie (Toulouse, France)

J. Uelstrup (Lyngby, Denmark)

P. Vadgama (UK)

J.C. Weaver (Cambridge, MA. USA)
G. Wilson (Kansas City, KA, USA)

Honorary Board Member
D. Walz (Basel, Switzerland)






BIOELECTROCHEMISTRY

Editorial Board

Principal Editor
E. Neumann (Bielefeld, Germany)

Associate Editors

ELECTRIFIED INTERFACES
AND BIOSENSING

R. Guidelli (Florence, Italy)

W. Kutner (Warsaw, Poland)

AM. Oliveira-Brett (Coimbra, Portugal)

MOLECULAR AND CELLULAR
ELECTRIC FIELD EFFECTS
R.A. Gilbert (Tampa, FL, USA)

E. Neumann (Bielefeld, Germany)

PHYSICAL BIOCHEMISTRY AND
SIGNAL TRANSDUCTION
M.A. De la Rosa (Sevilla, Spain)

MEMBRANE
ELECTROCHEMISTRY
T. Hianik (Bratislava, Slovak Republic)

Advisory Board

F.A. Armstrong (Oxford, UK)

E. Bamberg (Frankfurt (a.M.), Germany)
P.N. Bartlett (Southampton, UK)

Y.A. Chizmadzhev (Moscow, Russia)
R. Dimova (Golm (Potsdam), Germany)
R. Heller (Tampa, FI, USA)

J. Gehl (Kopenhagen, Denmark)

L. Gorton (Lund, Sweden)

N. Hu (Bejing, China)

A. Kuhn (Bordeaux, France)

J. Lipkowski (Guelph, Ontario, Canada)
D. Miklavcic (Ljubljana, Slovenia)
L.M. Mir (Villejuif, France)

A.M. Rajnicek (Aberdeen, UK)

E. Palecek (Brno, Czech Republic)
K. Schoenbach (Norfolk, VA, USA)
G. Sersa (Lubljana, Slovenia)

J. Teissie (Toulouse, France)

J. Uelstrup (Lyngby, Denmark)

P. Vadgama (UK)

J.C. Weaver (Cambridge, MA. USA)
G. Wilson (Kansas City, KA, USA)

Honorary Board Member
D. Walz (Basel, Switzerland)






Bioelectrochemistry, Volume 73, Number 2, August 2008

[
Contents lists available at ScienceDirect L

BIDEIECITOCHEM ISty

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem e

Contents

Guest Editorial

Preface
I. Bernhardt, E. Ellory and R. WILKINS . . . .. .00t e e e e e e 83

Special Issue Papers

Morphology of small aggregates of red blood cells
S.Svetina and P. Ziherl . . . . .. e 84

Application of digital holographic microscopy to investigate the sedimentation of intact red blood cells and their interaction with
artificial surfaces
I. Bernhardt, L. Ivanova, P. Langehanenberg, B. Kemper and G. von Bally . .. ....... ... 92

Quantum mechanical scattering cross sections and permeability coefficients for ions crossing the human red cell and resting squid axon
membranes
S.G. Elkomoss, I. Bernhardt and A. Pape . . .. ... .. 97

Thermally induced transformation of mammalian red blood cells during hyperthermia
N.V. Repin, E.N. Bobrova and S.V. Repina . . . ... ... i e e 101

Peculiarities of RBCs resistance to acid hemolysis in hibernating mammals
SV.Repina and NV, RePiN . . . ..ottt et e e e e e e 106

Agglutination of like-charged red blood cells induced by binding of ,-glycoprotein I to outer cell surface
M. LoKar, J. Urbanija, M. Frank, H. Hagerstrand, B. Rozman, M. Bobrowska-Hagerstrand, A. Igli¢ and V. Kralj-Igli¢ ............... 110

Effects of charged amphiphiles in depolarising solutions on potassium efflux and the osmotic fragility of human erythrocytes
A WOl . . e 117

Dielectrophoretic sorting on a microfabricated flow cytometer: Label free separation of Babesia bovis infected erythrocytes
E.M. Nascimento, N. Nogueira, T. Silva, T. Braschler, N. Demierre, P. Renaud and A.G.Oliva.......... ... ..., 123

Further characterization of cation channels present in the chicken red blood cell membrane
F. Lapaix, G. Bouyer, S. Thomas and S. EGEe . . . .. ..ttt e e e e e e e e e 129

New analytical tools and epidemiological data for the identification of HbA, borderline subjects in the screening for beta-thalassemia
A. Mosca, R. Paleari, R. Galanello, C. Sollaino, L. Perseu, F.R. Demartis, C. Passarello, A. Giambona, A. Maggio and IFCC Working Group on
Standardization Of HDA, . . o . .ot 137

Permeability of rat and rabbit erythrocyte membranes for a series of amides
0.I. Gordiyenko, G.V. Kovalenko, LF. Kovalenko, V.S. Kholodnyy, T.P. Linnik and E.O. Gordiyenko . . .......................... 141

Evidence for a random entry of Ca®* into human red cells
M. Baunbak and P. BENNEKOU . . . . . . ..o e 145

Elsevier B.V.



http://www.sciencedirect.com/science/journal/15675394



vi Contents

Changes in the intracellular Ca®* content in human red blood cells in the presence of glycerol
0.A. Kofanova, N.G. Zemlyanskikh, L. [vanova and L. Bernhardt . . . . ... ... ... e e e 151

Structural and functional changes in the membrane and membrane skeleton of red blood cells induced by peroxynitrite
M.N. Starodubtseva, A.L. Tattersall, T.G. Kuznetsova, N.I. Yegorenkovand J.C.Ellory ... ...... ... ... ... 155

The publisher encourages the submission of articles in electronic form thus saving time and avoiding rekeying errors. Please refer to the
online version of the Guide for Authors at http://www.elsevier.com/locate/bioelechem







Bioelectrochemistry 73 (2008) 49-54

journal homepage: www.elsevier.com/locate/bioelechem e

Contents lists available at ScienceDirect

Bioelectrochemistry

x

BIDEIECITOCHEM ISty

Modulation of RBC volume distributions by oxidants (phenazine methosulfate and
tert-butyl hydroperoxide): Role of Gardos channel activation

Irina L. Lisovskaya *, Irina M. Shcherbachenko, Rimma I. Volkova, Vladimir P. Tikhonov

National Scientific Centre for Hematology, Novyi Zykovsky pr. 4a, Moscow 125167, Russia

ARTICLE INFO ABSTRACT

Article history:

Received 28 May 2007

Received in revised form 12 March 2008
Accepted 7 April 2008

Available online 13 April 2008

Keywords:

Red blood cell
Erythrocyte

Gardos channel
Phenazine methosulfate
Tert-butyl-hydroperoxide

A study was made comparing the effects of two oxidants - phenazine methosulfate (50-1500 uM)+10 mM
ascorbate and t-butyl hydroperoxide (1-3 mM) - on the volume-related parameters of normal human red
blood cells. Incubation with either oxidative system for 20-30 min resulted in red blood cell density and
osmotic resistance distribution shifts. Treatment with the phenazine methosulfate +ascorbate system in the
presence of Ca®* led to cell shrinking, with the maximum effect being more than 20%. In contrast, under the
same conditions, t-BHP caused cell swelling by up to 15%. Modification of the suspending medium (Ca®"
removing, clotrimazole addition, or enrichment with K*) modulated the redistribution effects, suggesting
that they were mediated to some extent by Gardos channel activation. These findings are important for
understanding how oxidants modulate RBC cation channels.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Circulating red blood cells (RBCs) are always subject to oxidative
attacks. Their interaction with oxygen leads to hemoglobin autoox-
idation, resulting in the formation of superoxide radical (O,7) and
other reactive oxygen species (ROS), mostly hydrogen peroxide (H,0,)
and hydroxyl radical (OH) [1,2]. RBCs can also be attacked by
exogenous ROS, originating from other blood cells (platelets, mono-
cytes, neutrophils, and macrophages), as well as from vessel endo-
thelium [2-4]. Imbalance between ROS production and antioxidant
cell defence has been reported to result in oxidative stress (oxidation
of protein thiol groups, depletion of nonenzymatic antioxidants, and
lipid peroxidation of membrane phospholipids) [5].

ROS generation and oxidative stress in RBCs are augmented in
various disease conditions, such as sepsis, shock, burns, ischemia-
reperfusion, and certain enzymo- and hemoglobinopathies [6,7]. In
some cases (sickle cell disease, thalassemia, and renal insufficiency),
pathology-related redox alterations in RBCs go along with anemia, the
appearance of an abnormally high-density RBC subset, and reduced
intracellular K* [8-10]. In addition, loss of deformability and increased

* Abbreviations: RBCs, red blood cells; ROS, reactive oxygen species; PMS, phenazine-
methosulphate; t-BHP, tert-butyl-hydroperoxide; HEPES, 2-(N-2-hydroxyethylpipera-
zin-N'-yl)-ethanesulphonic acid); DMSO, dimethyl sulfoxide; EGTA, ethylene glycol-bis
(h-aminoethyl ether)-N,N,N V,N V-tetraacetic acid; Hct, hematocrit.

Corresponding author. Tel.: +7 495 6123522; fax: +7 495 6128870.
E-mail address: irene_l@mail.ru (LL. Lisovskaya).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.008

adhesiveness are observed, which lead to circulation disorders and
may contribute to the development of ischemia and hypercoagulation
[11].

Evidence exists suggesting that Ca**-activated K* channels (Gardos
channels) are involved in the damaging RBC changes [12,13]. For
example, the specific Gardos channel inhibitor clotrimazole is used in
vivo to normalize the properties of RBCs in patients and various
animal models [14]. On the other hand, in certain pathological
situations, Gardos channel activation may be beneficial, preventing
RBC lysis [15-17].

Oxidative stress contributes greatly to aging of normal RBCs in the
circulation. With aging, intracellular ionic calcium progressively
increases; cell volume and surface area become smaller (although
the surface-to-volume ratio remains constant). It is not unlikely that
cell aging also involves Gardos channel activation [18,19]. So, oxidative
stress-induced changes in the properties of RBCs have not only
clinical, pathophysiological relevance, but also physiological, regula-
tory relevance [20]. However, the physiological and pathophysiologi-
cal functions of oxidative stress activation of Gardos channels remain
obscure.

The response to oxidative stress at cellular and subcellular levels
is studied using a variety of oxidative systems. For example, phe-
nazine methosulfate (PMS) and t-butyl-hydroperoxide (t-BHP) are
often employed. When applied to deoxygenated RBCs or RBCs
treated with ascorbate at millimolar concentrations, PMS causes
intracellular Ca®?" to rise and dramatically increases membrane
permeability for K* by activating Gardos channels, which results
in RBC dehydration [21,22]. The response to t-BHP is similar in
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general; however, unlike PMS, t-BHP (1-3 mM) also considerably
raises intracellular Na*, which causes RBCs to swell and lose filtera-
bility [23,24]. On the other hand, Lang et al. reported that t-BHP
induced RBC shrinkage [25].

This study compared PMS +ascorbate and t-BHP in terms of their
effects on the volume-dependent parameters of normal human RBCs.
Incubation with both oxidative systems resulted in the RBC density
and osmotic resistance distribution shifts. Clotrimazole or Ca** added
into the medium, as well as high extracellular K* levels, modulated the
redistribution effects, suggesting that the effects observed are
mediated to some extent by Gardos channel activation.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade. PMS, ascorbic acid, t-BHP,
HEPES, glucose, DMSO, clotrimazole, and A 23187 were obtained from
Sigma (St Louis, MO) or Sigma-Aldrich.

2.2. Preparation of RBCs

Freshly drawn blood (obtained from normal donors after informed
consent) was anticoagulated with a citrate solution in a blood-to-
citrate ratio of 9:1. Immediately thereafter, red cells were isolated and
washed two times in 10 mM HEPES (pH 7.4) containing 5 mM KCl,
0.8 mM MgS0Q,4, 5 mM glucose and NaCl at a concentration required to
achieve isotonic osmolality (U=300 mOsm/kg) (buffer1). At each
washing step, the buffy coat was removed. Washed RBCs were re-
suspended in the same buffer1 to a hematocrit (Hct) of 40%. The
suspension obtained was stored at 4 °C for no longer than 3 h.

2.3. Experimental design

The initial 40% suspension of washed RBCs was diluted to Hct=5%
with 10 mM HEPES (pH 7.4) containing 5 mM KCl, 0.8 mM MgSQy,,
1.5 mM CaCl,, 5 mM glucose, and NaCl at a concentration required to
achieve U=300 mOsm/kg (buffer2). In experiments meant to study
the role of calcium ions, part of the samples were prepared using
buffer1 supplemented with 1 mM EGTA (buffer3). In some experi-
ments, a high-K* buffer was used. It contained 10 mM HEPES (pH 7.4),
100 mM KCl, 0.8 mM MgSQy,, 1.5 mM CaCl,, 5 mM glucose, and NaCl at
a concentration required to achieve U=300 mOsm/kg (buffer4). The
stock solution of 100 mM ascorbic acid was prepared in isotonic NaCl
and adjusted to pH 7.4 with NaOH. RBCs (5% suspension) were
incubated with 10 mM ascorbic acid alone or in combination with 25-
1500 uM PMS for 20 min at 37 °C with slow stirring. A 100 mM t-BHP
stock solution was prepared in buffer1 from a 70% (wt/vol) com-
mercial solution. RBCs were incubated with 1-3 mM t-BHP (final
concentrations) for 30 min at 37 °C. Control cells were incubated with
buffer2, buffer3 or buffer4.

2.4. Density distribution

The distribution of RBCs by their density was measured at room
temperature using the phthalate method [26]. Mixtures of
dimethylphthalate and dibutylphthalate were prepared to obtain a
graded series of densities in the range from 1.066 to 1.144 g/ml. A drop
of each mixture was taken into a microhematocrit capillary tube to a
column height of 5-7 mm, and the capillary was then filled with the
RBC suspension being studied (Hct, 40%), sealed, and centrifuged in a
microhematocrit centrifuge at 12000 g for 6 min. The density dis-
tribution of an RBC sample was obtained by measuring the RBC
column height above each phthalate mixture layer, relating it to the
total column height (%), and plotting the result against the known
phthalate mixture density.

2.5. Osmotic resistance distribution

The osmotic resistance of RBCs was determined using our
modification of the profile migration method of Lew [22,2728].
Briefly, light transmission was measured on a Thermomax microplate
reader (Molecular Devices, Sunnyvale, United States) at room
temperature. For these measurements, a graded series of buffered
lysis media (25, 50, 75,100, 125, 150, and 300 mOsm/kg) was prepared
by mixing the isotonic buffer1 and the same buffer lacking NaCl (i.e.,
25 mOsm/kg in osmolality) at appropriate ratios. The first horizontal
row of flat-bottom wells contained distilled water (300 pl/well); the
second and consecutive rows, lysis buffer (300 pl/well) in the order of
increasing osmolality. A multipipette was used to distribute 6-ul
aliquots of RBC samples (5% suspensions) so as to have each vertical
row corresponding to one RBC sample. The final Hct in each well was
0.1%. The microplate was placed on an MS1 minishaker (IKA Werke,
Staufen, Germany) for 30 min at room temperature. After incubation,
20% NaCl (20 pl/well) was added into the wells to bring their
osmolality from the initial values of 0-150 mOsm/kg to 425-
565 mOsm/kg, after which light transmission was immediately read
at A=650 nm. The intracellular hemoglobin concentration and,
correspondingly, the RBC refraction index increase significantly on
going into the hypertonic osmolality range but vary only slightly
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Fig. 1. Oxidative stress-induced shift in the RBC density distribution, as affected by the
presence of Ca?* in the medium: (A) 50 uM PMS +10 mM ascorbate and (B) 2 mM t-BHP.
Cells resuspended in either (1, 2) in buffer2 (1.5 mM CaCl,) or (3) buffer3 (1 mM EGTA)
were incubated (1) without (control) or (2, 3) with the oxidative system for 20-30 min.
Upon completion of the incubation, the cells were washed in isotonic buffer1, and the
density distributions were determined with the phthalate method. The results shown
are representative of three other independent experiments.
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Fig. 2. Effect of Ca®* on the magnitude of an oxidative stress-induced shift in the RBC
osmotic resistance distribution: (A) 50 uM PMS+10 mM ascorbate and (B) 2 mM t-BHP.
Cells were resuspended in (1, 3) buffer2 (1.5 mM CaCl,) or (2, 4) buffer3 (1 mM EGTA)
and incubated (1, 2) in the absence (control) or (3, 4) in the presence of (A) 50 uM PMS +
10 mM ascorbate for 20 min or (B) 2 mM t-BHP for 20-30 min. Thereafter, aliquots for
recording the osmotic resistance curves were taken from each sample. Shown are the
results of typical experiments.

within the range. Therefore, the light transmission is determined
largely by the concentration of cells that escaped lysis. This method
makes it possible to obtain osmotic lysis curves simultaneously for 12
RBC samples. The osmolality value at which 50% cells undergo lysis
(M., mOsm/kg; centre of the osmotic resistance distribution of RBCs)
was chosen as a quantitative index of osmotic resistance of RBCs.

2.6. Statistics

Experimental results are presented as single observations repre-
sentative of at least three others, or as means+S.E.M. of n parallel
observations. Where appropriate, comparisons were made using
Student's paired t-test.

3. Results
3.1. Calcium-dependent effects of oxidation on RBC density distributions

Fig. 1 shows the results of typical experiments in which the effects
of two different oxidants on the RBC density distributions were
studied in Ca®*-free and Ca®'-containing media. Fig. 1A compares the
density distributions of intact RBCs (curve 1) and their counterparts
treated with PMS+ascorbate oxidative system in HEPES buffer
containing 1.5 mM Ca?* (curve 2) or 1 mM EGTA (curve 3). One can

see that, in the presence of Ca?", this treatment induced a shift to the
right in the RBC density distribution, suggesting that the cells became
dehydrated. No oxidation-induced shift in the RBC density distribu-
tion was observed in the medium without Ca®*. Fig. 1B demonstrates
that RBCs incubated with t-BHP for 30 min exhibited a leftward shift
in their density distribution, as compared with the control cells,
irrespective of the presence of calcium in the medium. Interestingly,
the magnitude of the leftward shift (cell swelling) was much greater in
the medium without Ca?".

3.2. Calcium-dependent effects of oxidation on osmotic lysis curves of
normal human RBCs

Dehydrated RBCs are known to undergo lysis at lower values of
osmolality than normal cells. In contrast, to lyse swollen RBCs, higher
osmolality values are required [27,28]. Fig. 2A shows the results of a
typical experiment, in which osmotic lysis curves were recorded for
control RBCs and RBCs treated with PMS+ascorbate for 20 min in
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Fig. 3. Osmotic resistance index M. versus oxidant concentration curves. Effect of
clotrimazole. (A): Cells resuspended in buffer2 containing 10 mM ascorbate and varied
concentrations of PMS were incubated for 20 min either (1) in the absence (control) or
(2) in the presence of 10 uM clotrimazole. Thereafter, aliquots for recording the osmotic
resistance curves were taken from each sample. (B): Cells resuspended in buffer2 with
varied concentrations of t-BHP (1) in the absence or (2) in the presence of 10 uM
clotrimazole for 30 min. Aliquots for recording the osmotic resistance curves were taken
from each sample. Each data point (M., mOsm/kg) is the mean+S.E.M of 6-20 separate
experiments.
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HEPES buffer supplemented with either Ca** or EGTA. Fig. 2B is like 2A,
except for the oxidant used (2 mM t-BHP). Obviously, oxidation
treatment in a Ca**-containing medium changed the osmotic lysis
curves. The osmolality values required for 50% lysis (M) of cells treated
with PMS+ascorbate in the Ca?*-containing medium were consider-
ably lower than those determined for control cells, which is indicative
of RBC dehydration (shrinking). In contrast, in the absence of Ca%*, the
osmotic lysis curves of treated RBCs did not differ from those of control
RBCs (Fig. 2A). Fig. 2B demonstrates that, irrespective of the presence of
calcium in the medium, the lysis curves of RBCs incubated with t-BHP
are shifted into the hypertonic range relative to the control curves,
suggesting cell swelling. However, the magnitude of the rightward
shift was much smaller in Ca?*-containing HEPES buffer.

3.3. Concentration-dependent effects of oxidants on the osmotic
resistance distribution of RBCs

As shown earlier [22], shrinking of RBCs exposed to PMS +ascorbate
in a Ca?*-containing medium (Figs. 1A and 2A) results from oxidation-
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Fig. 4. Effect of K* at high concentrations on the magnitude of an oxidative stress-
induced shift in the RBC osmotic resistance distribution. Cells were resuspended in
buffer2 (5 mM K+) or buffer4 (100 mM K*) and incubated with (A) 10 mM ascorbate +
50 uM or 100 uM PMS or (B) 2 mM or 3 mM t-BHP. Thereafter, aliquots for recording the
osmotic resistance curves were taken from each sample. Each data point (M, mOsm/kg)
is the mean+S.E.M of 4-15 separate experiments.

induced activation of their Gardos channels. Analysing Figs. 1B and 2B,
one can see that the shifts in the density distribution and osmotic lysis
curves of RBCs treated with t-BHP also depend on the presence of Ca?*.
RBCs swelled to a lesser extent if the medium contained Ca*. Given that
t-BHP affects cell membrane permeability for cations and inhibits
the RBC Ca?"-pump, thereby raising intracellular Ca®* concentration
[29,30], it is reasonable to suggest that the t-BHP-induced Ca®*-
dependent RBC volume change observed in our experiments is related
to Gardos channel activation. To test this suggestion, we compared how
the osmotic resistance index M. varied with oxidant concentration in a
Ca?"-containing medium in the presence and in the absence of the
Gardos channel inhibitor clotrimazole. The results obtained are shown
in Fig. 3.

As can be seen in Fig. 3A, PMS+ascorbate treatment caused a
decrease in M. (RBC shrinking). In a broad range of PMS concentra-
tions, this effect was significantly smaller in the presence of clotri-
mazole. In contrast, t-BHP caused M. to increase (RBC swelling) in a
dose-dependent manner. Clotrimazole significantly potentiated the
effect of t-BHP. Evidence suggesting the involvement of Gardos chan-
nels in oxidant-induced shifts in the volume-related parameters of
RBCs was also obtained in experiments with RBCs suspended in a
high-K* buffer. Gardos channel activation is not associated with cell
swelling if transmembrane K* gradient is lacking [31].

As can be seen in Fig. 4, at high K* concentrations in the suspending
medium, the effect of RBC shrinking in the presence of PMS+ascorbate
is nearly abolished; incubation with t-BHP causes RBCs to swell to a
much greater extent.

4. Discussion

The mechanisms whereby PMS+ascorbate and t-BHP induce
oxidative stress in RBCs are different. The primary response of RBCs
to PMS+ascorbate is the generation of superoxide radicals [32,33],
whereas the first to form during incubation of RBCs with t-BHP are
alkoxyl and peroxyl radicals of hydroperoxides [34]. Both oxidative
systems were shown to produce similar effects on the cells: reduced
glutathione is rapidly depleted, hemoglobin undergoes oxidation,
and passive K* permeability of cell membranes increases [22,24,34—
37]. This study examined the effects of two oxidants - phenazine
methosulfate (50-1500 uM)+10 mM ascorbate and t-BHP (1-3 mM) -
on the volume-related characteristics of normal human red blood
cells: their density (Fig. 1) and osmotic resistance (Figs. 2-4)
distributions. A 20-30-min incubation at 37 °C with the oxidants
studied produced opposite effects on the cell volume. If the sus-
pending medium contained Ca?*, incubation of RBSs with PMS+
ascorbate led to a considerable increase in their density (shrinking),
whereas a reduction in their density (swelling) was observed after
incubation with t-BHP. If the suspending medium contained no Ca**,
PMS+ascorbate failed to induce RBC shrinking (Figs. 1A and 2A),
whereas the t-BHP-induced swelling was much more pronounced
(Figs. 1B and 2B).

As shown in our earlier study, PMS+ascorbate causes RBCs to
shrink in a Ca?*-containing medium by activating the Gardos channel
[22]. Suspecting that the reduction in the extent of t-BHP-induced
swelling in a Ca?*-containing medium is also due to the Gardos effect,
we studied whether the PMS+ascorbate and t-BHP-induced osmotic
resistance distribution shift is affected by (i) clotrimazole and (ii) high
extracellular K*. The data shown in Figs. 3 and 4 provide evidence
suggesting the involvement of Gardos channel activation in the
changes of the volume-related characteristics of RBCs induced by the
oxidants used.

In our experiments with oxidation treatment, no vesiculation was
observed (data not shown), suggesting that the cell surface area
remained constant. Therefore, from the shift in M. determined
experimentally, it was possible to quantitatively estimate the change
in the cell volume (see Appendix).
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The maximum shrinking (minimum M. of about 80 mOsm/kg)
was observed at the PMS concentration of 100 uM and amounted to
more than 20% of the volume of an intact RBC. With a further
increase in the PMS concentration to 1.5 mM, the extent of shrinking
decreased (Fig. 3A, curve 1) and partial hemolysis was observed. At a
concentration of 10 puM, the specific inhibitor of Gardos channels
clotrimazole largely abolished the shrinking effect PMS+ascorbate in
a Ca?*-containing medium. A statistically significant difference of M.
from its control value was obtained only for 100 uM PMS (Fig. 3A,
curve 2). In the concentration range from 0 to 3 mM, incubation with
t-BHP in a Ca®*-containing medium for 30 min resulted in a dose-
dependent RBC swelling. The greatest effect (volume increase of
about 8%) was observed at a concentration of 3 mM. If the medium
was either free of Ca?*, contained clotrimazole, or contained K" at
a high concentration, the greatest effect was as large as 14-15%
(Figs. 3B and 4B).

In conclusion, in our experiments the two oxidants studied
produced opposite effects on the RBC density and osmotic resistance
distributions. Specifically, PMS+ascorbate caused RBC shrinking,
whereas incubation with t-BHP resulted in RBC swelling. However,
in both cases, there was activation of Ca?*-dependent K* channels
(Gardos-effect). It is Gardos channel activation that mediates RBC
dehydration in response to PMS+ascorbate treatment [22] and
reduces the extent of t-BHP-induced swelling. The differences ob-
served are obviously due to different mechanisms of action of PMS+
ascorbate and t-BHP on ion channels of the RBC membrane [2,34]. In
Ca®*-containing media, PMS+ascorbate raises intracellular Ca®*
concentration in RBCs (probably by inhibiting Ca®*-ATPase [29]),
modifies and activates Gardos channels, causing the cells to shrink
[21,22,33]. At the same time, there is considerable evidence that
incubation of RBCs with t-BHP leads to activation of nonselec-
tive cation channels [38,39], causing not only intracellular Ca*, but
also Na* to rise. As a result, swelling is observed, which is partially
offset by the Gardos effect. These findings are consistent with the
suggestion that Gardos-channel activation is some general property of
the cell response to oxidative treatment, which provides for RBC
volume regulation in vivo [12,22,40].
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Appendix

The relationship between RBC volume and medium osmolality
can be adequately described as V/90=A-300/U+B, where V is cell
volume (um3), U is medium osmolality (mOsm/kg), B is a pa-
rameter depending on the mean corpuscular hemoglobin content,
and A is a parameter describing the ion homeostasis system in
RBCs. For normal conditions, A=0.56 and B=0.44 [41,42]. The RBC
membrane is relatively inelastic. Therefore, osmotic lysis of a cell
with surface area S occurs when its volume reaches a critical value
Ve equal to the volume of a sphere having surface area S. Let S
be 135 pum? [42], then V. =147.6 um>. In our experiments with
oxidation treatment of RBCs, no vesiculation was observed (data
not shown). Hence, there were no surface area or hemoglobin loss,
and the treated cells did not differ from control ones in the critical
volume: V/90=1.64. Knowing M., we can estimate the mean
volume of treated RBCs in an isotonic medium: Viso=(M/250+
0.44)-90 um>. For M.=80 mOsm/kg (Figs. 3A and 4A), Vis,=
68.4 pm3, which is 24% less than the normal value. This estimate
agrees well with our earlier data showing that the density of
RBCs treated with A23187 increased by an average of 30% [40]. For
M:=175 mOsm/kg (Figs. 3B and 4B), Vis,=103 pm3, which is 14%
greater than the normal value.
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Preface

This is the third occasion on which selected studies, presented as
oral communications or posters at a meeting of the European
Association for Red Cell Research (EARCR) have been featured in a
special issue of this journal.

The work that you find outlined in the pages that follow was
reported at the 16th meeting of the EARCR that took place in Oxford in
April 2007. Among the topics discussed at the three-day meeting were
red cell morphology and membrane structure, membrane transpor-
ters function in health and disease, oxidative stress and the genetic
bases of red cell diseases.

In addition, the meeting honoured the important contributions of
Hans Lutz to the field of red cell science, and the pioneering work of
Gheorghe Benga in the elucidation of water permeation pathways. The
meeting closed with a personal reminiscence by Ingolf Bernhardt of
the work of Clive Ellory.

The meeting, and the contributions derived from it that are
presented here, emphasise the diversity of current research in the red
cell field and the exciting advances that are being made in this area.
Historically, the red blood cell has been employed as a simple
paradigm for the study of cellular function in health and disease. The
ready availability of these cells, their facility for experimental
manoeuvres, and the absence of intracellular organelles, all mean

1567-5394/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bioelechem.2008.06.002

that they continue to offer models for research that is of fundamental
importance.

However, until recently, two mainstays of cellular physiol-
ogy research — electrophysiological studies and fluorescence mea-
surements — have proved problematic in red cells. Their small size,
flexible membranes and high intracellular haemoglobin content have
hindered the successful application of these techniques. These
techniques have the potential to advance the study of red cells in a
way that has not been seen since the advent of red cell ghost
methodology in the 1960's. It is, therefore, very pleasing that the
present issue of this journal contains a number of reports that have
successfully exploited these approaches to further our understanding
of red cell function.

Ingolf Bernhardt *

Clive Ellory

Robert Wilkins

*Corresponding author.

E-mail address: i.bernhardt@mx.uni-saarland.de.
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Abstract

Blood can be considered a two-phase liquid composed of plasma as well as cells and cell aggregates. The degree of cell aggregation is an important
determinant of blood rheology: The size and shape of the aggregates affect blood viscosity. The microscopic mechanisms of red blood cell adhesion
involve a complex interplay of electrostatic, van der Waals, and a range of specific biochemical inter-membrane interactions. Here we use an effective
model of these interactions combined with the membrane elasticity theory to calculate the equilibrium shape of a red blood cell doublet and compare it
with the experimentally observed red blood cell aggregates both in vitro and in vivo. Special attention is devoted to the shape of doublets formed by
dissimilar cells. A possible effect of doublet shape on pathways of the formation of multicellular aggregates is discussed. Red blood cell rouleau
formation is expected to take place at intermediate adhesion strengths where the outer doublet surfaces are either concave or flat, whereas in the strong-

adhesion regime where the outer doublet surfaces are convex the cells should form rounded clump-like aggregates.

© 2008 Elsevier B.V. All rights reserved.

PACS: 87.16.Dg; 87.18.Ed; 87.18.La
Keywords: Erythrocyte; Aggregation; Doublets; Rouleau

1. Introduction

If the blood flow is slow enough such that the hydrodynamic
shear stress in plasma is small, red blood cells form a tightly packed
linear stack of cells called a rouleau. This normal physiological
process has been studied in considerable detail [1] (and recently
also directly observed in vivo in post-capillary venules [2])
primarily because of its relevance for erythrocyte aggregation and
the related erythrocyte sedimentation rate measurement as a non-
specific inflammation test routinely used in medical screening. An
inflammation process increases the concentration of fibrinogen and
this induces the formation of large aggregates which sediment
faster than individual erythrocytes due to a decreased viscous drag
force per erythrocyte, and so the sedimentation rate can be used as a

* This paper was inspired by the work of William Terence Coakley who
passed away on November 18 2006, and we dedicate it to his memory.

* Corresponding author. Institute of Biophysics, Faculty of Medicine,
University of Ljubljana, Lipi¢eva 2, SI-1000 Ljubljana, Slovenia. Tel.: +386 1
543 7602; fax: +386 1 431 5127.

E-mail address: sasa.svetina@biofiz.mf.uni-1j.si (S. Svetina).
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measure of the fibrinogen presence. The importance of this
experiment for hematology is one of the reasons why erythrocyte
aggregation can be considered a prototypal biophysical problem: It
is directly related to medical practice but it involves biological
objects which can be described by tractable physical models [3,4]
although they exhibit an extremely broad range of morphological
variability depending on conditions [5].

Theoretical efforts to understand erythrocyte aggregation from
a mechanical perspective build on Helfrich’s elastic theory of
lipid bilayer membranes [6] which proved quite useful in the
interpretation of several mechanical aspects of simple biological
cells [7]. Studies of aggregates were pioneered by Skalak et al. [§]
who extended the elastic theory of lipid membranes by the shear
elasticity of the erythrocyte membrane and by the minimal,
coarse-grained model of adhesion where the adhesion energy is
proportional to the area of the contact zone. The first analyses of
aggregates resorted to the approximation that worked rather well
for free cells: The equilibrium, minimal-energy structures were
assumed to belong to the class of axisymmetric vesicles.
Furthermore, Skalak et al. [8] restricted their candidate solutions
by the additional symmetry constraint of a planar contact zone.
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But they noted that at small adhesion strengths, the observed
rouleaux are typically characterized by a zig-zag stack of cells as if
the discocytic shape of the erythrocytes were not distorted by
aggregation and each erythrocyte would partly fit in the concave
part of its neighbor’s membrane. This tentative description is
supported by the concave shape of the outer, non-adhering part of
the cap cells in a rouleau, which appears to be quite similar to
concave part of a free discocyte. These features of rouleaux were
inconsistent with the flat-contact zone hypothesis, and one of the
conclusions of Ref. [8] is that their model could not account for all
observed rouleau morphologies.

The attempts to use models such as that explored in Ref. [§]
to resolve these issues have been impeded by technical
difficulties. Nonetheless, the detailed and insightful results of
work on vesicle—substrate adhesion [9,10] paved the way to the
theoretical analysis of axisymmetric infinite rouleau [11] which
predicted that a weak-adhesion stack of cup-like erythrocytes
should transform into a stack of flat-contact shapes as the
adhesion strength is increased. The flat-contact cell shapes
appear to describe the rouleaux in the strong-adhesion regime
rather accurately, whereas the weak-adhesion rouleau structure,
and thus the aggregation threshold, is still not understood
theoretically. The related open questions of the mechanics of
rouleau formation are: i) why is the length of the experimentally
observed rouleaux finite, ii) what is the role of erythrocyte
polydispersity in aggregation, and iii) what are the possible
pathways of rouleau formation.

A large part of theoretical as well as experimental work on
erythrocyte aggregates points to the limitations of the symmetry
restrictions imposed in the theoretical studies. In free vesicles, the
non-axisymmetric shapes can be stable in a relatively narrow
although not negligible part of the phase diagram [12]; in
aggregates, they may be more prominent if not essential. To
explore this possibility, we have recently used a numerical
approach to explore the morphologies of vesicle doublets [13]
thus following Ref. [8] in terms of the type of aggregates studied.
In the absence of any symmetry restrictions, we found that at
moderate reduced volumes the dominant morphologies are the
axisymmetric flat-contact doublet and the non-axisymmetric
sigmoid-contact doublet with a non-planar contact zone [13].

In this paper, we present further theoretical arguments to show
that the sigmoid-contact zone may be an essential element of the
mechanics of rouleau formation. We first outline the theoretical
framework used and introduce the physical parameters that
control the morphology of aggregates (Section 2). In Section 3 we
first review the main qualitative features of symmetric doublets
[13] and then explore the most interesting region of the parameter
space in more detail. Section 4 deals with the morphology of
asymmetric doublets, Section 5 discusses the modes of cell
aggregation, and Section 6 concludes the paper.

2. Theoretical framework

To study the shapes of cell doublets, we resort to the standard
continuum theory of vesicle elasticity, the so-called area-
difference-elasticity (ADE) theory [14] extended by the
minimal model of adhesion. Although it does not include the

shear elasticity of the erythrocyte cytoskeleton [4], this
approach describes the main features of the large-scale cell
deformations rather well [13]. Its main ingredients are the
membrane bending energy, non-local bending energy, and the
adhesion energy. The bending energy depends on the integrated
squared mean curvature:

ke
Wy =5 $(Cr + Co)dd, (1)

where k. is the bending constant, and C; and C, are the
principal curvatures. The non-local bending energy is related to
the relative stretching of the two monolayers and reads

ky 2
W, = —— (A4 — A4y)~, 2
where £, is the non-local bending constant =3k, [15], /4 is the
separation of the neutral planes of the lipid monolayers in the

membrane, A, is the membrane area, and
AA4 :hgﬁ(Cl +C2)dA (3)

is the actual monolayer area difference and A4, is its equili-
brium value in a free vesicle. The simplest model of the ad-
hesion energy is the contact potential

W, = _FAca (4)

where /" is an effective adhesion strength typically ranging from
1077 to 107> J/m? [16] and A, is the area of the contact zone.
The total energy of an aggregate includes the bending energies
of all members and the adhesion energies of all pairs of
members, and the equilibrium shape of the aggregate is to be
sought at fixed volume and fixed area of each member.

The vesicle volume and surface area can be combined in a
single quantity, the so-called reduced volume v defined as the ratio
of the volume of a given vesicle and the volume of a sphere such
that their areas are identical; the radius of this sphere is given by
Ry = \/Ao/4n and the energy of a vesicle is conventionally
measured relative to the sphere’s elastic energy of 8wk.. The
reduced volume is the dominant morphological determinant: If v is
close to 1, the vesicle cannot depart very much from a spherical
shape. However, if the reduced volume is not too large, the
equilibrium shape can be controlled by the reduced equilibrium
monolayer area difference Aayg=AAy/8whR, (where h is the
separation of the neutral planes of the two monolayers) provided
that the non-local bending constant is large enough: Agy<1
stabilizes cup-like, stomatocytic shapes, for Aag = 1 the free vesicle
assumes a biconcave discocytic shape, and for Aag=1 the
vesicles are cigar-like [17]. The reduced actual monolayer area
difference

A4

A =
¢~ SR,

(5)

is defined analogously to Aay.
In an aggregate, the set of shape-determining factors is
extended by adhesion described by the reduced adhesion strength

T'R2
v = 21; : (6)
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In red blood cells, the reduced adhesion strength that
can be induced experimentally in vitro may reach =100
[13].

To expose the mechanisms of the doublet morphology as
clearly as possible, we study two limiting cases of the ADE
model. If we regard the doublet shape as a result of the interplay
of non-local bending elasticity and adhesion as the competing
morphological determinants, then it is clear that at small
adhesion strengths the shape of a doublet will be dictated by the
shape parameters of a free cell. This limit is conveniently
described by the fixed area-difference model, where we assume
that the non-local bending constant is infinite such that the
actual monolayer area difference A4 must be equal to A4, the
monolayer area difference of a free cell. By varying A4y, we
scan the full range of possible doublet morphologies needed
for any subsequent ADE analysis. In the opposite limit of
large adhesion strengths, adhesion is expected to deform the
cells such that their contact area is as large as possible, there-
by inducing an extension of the lipid monolayers in the mem-
brane and overriding the effect of non-local bending. This
behavior is covered by the relaxed area-difference model where
the non-local bending constant is 0 so that A4 is effectively
unconstrained.

3. Symmetrical doublets

The existence of a curved rather than flat cell-cell contact
has been noted experimentally a long time ago: The electron
micrograph of an erythrocyte doublet [8] and many of the cell—
cell contacts both in doublets and in aggregates of more than
two cells [18,19] clearly demonstrate the tendency of cells to
form curved or even almost folded contact zones as large as
possible at the expense of the non-adhering part of the mem-
brane. Although many of the reported structures do not cor-
respond to cells of identical volume and surface areas and
the cross-sections in the micrographs often show a non-repre-
sentative view of the aggregate, these observations imply that
the preferred type of contact is such that the shapes of adhering
cells are the same. In a doublet, this invariably means that the
contact zone should be either flat or symmetrically curved. The
simplest, least bent symmetrically curved contact is character-
ized by an S-shaped cross-section, and this type of cell—cell
contact has been proposed as the salient feature of the limiting
doublet shape [8]. To provide theoretical support for the pro-
posed doublet shape, we have used the Surface Evolver soft-
ware package [20] to analyze the stable morphologies. Indeed we
found that the axisymmetric flat-contact doublets and the non-
axisymmetric sigmoid-contact doublets are stable at small and
large adhesion strengths, respectively [13]. In the flat-contact
doublet, each cell (in the following, vesicles used as theoreti-
cal models of cells are referred to as cells) looks as if it adhered
to a solid substrate; it retains the rotational symmetry of a free
discocyte but loses the equatorial mirror symmetry. The most
notable structural feature of the sigmoid-contact doublet is the
S-shaped contact zone with one invagination and a matching
evagination. The cells do not sit exactly on top of each other but
are displaced alongside the contact zone (Fig. 1).

Fig. 1. Exploded view of relaxed sigmoid-contact doublet for v=0.6 and y=9.
The outer, non-contact part of the membrane is quite convex, and the hallmark of
the doublet is the S-shaped contact zone with an invagination and a matching
evagination.

We explored the morphological sequence of doublets in
detail at the reduced volume of v=0.6 which corresponds to the
normal human erythrocyte, and we first restricted the discussion
to doublets formed by cells of identical areas, equilibrium
monolayer area differences, and volumes. The morphological
sequence of such doublets is as follows: At very small adhesion
strengths y <1, the cells are free as the energy gained upon
aggregation is smaller than the elastic deformation caused by
aggregation [13]. At moderate adhesion strengths y~1, the cells
form flat-contact doublets, whereas in the strong adhesion
regime with y>1 the doublets are characterized by a
sigmoidally curved contact zone.

We analyzed the doublet shapes both for cells with fixed
reduced monolayer area difference and for relaxed cells, the
latter referring to the unconstrained value of Aa. The values of
the adhesion strength at the free cell/flat-contact doublet and the
flat-contact/sigmoid-contact doublet transition predicted by the
relaxed and the fixed Aa models are generally different.
However, the two 7ys characterizing these transitions obtained
by the relaxed Aa model coincide rather nicely with their
counterparts computed using the fixed Aa model with the
physiologically relevant value of Aa=1.04 which corresponds
to the human erythrocyte: The threshold for doublet formation
is at p~=0.3 for cells with fixed Aa=1.04 and at y~0.4 for
relaxed cells [13]. In the case of cells of membrane area and
bending elastic constant of red blood cells (4o~ 140 pum?,
k.~2x10"'° J[15]) this suggests that rouleau formation should
be induced by an adhesion strength of the order 8wk./
Ao=~4x10"% J/m?. This threshold is well within the range of
adhesion strengths that can be induced in vitro by a solution of
macromolecules [16] so that the whole set of doublet
morphologies theoretically discussed here should be observable
experimentally.

On the qualitative note, the calculated shapes of doublets do
reproduce many features of the observed morphologies of
erythrocyte doublets. Especially striking is the agreement of the
relaxed model doublets and the erythrocyte doublets in dextran
[13,18] which proves that if strong enough, adhesion is the
dominant factor determining the shape of an aggregate. In the
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limit of p > 1, the relative stretching of the lipid monolayers in
the membrane and the associated non-local bending energy
seem to be less important.

To assess the relative effect of adhesion compared to the non-
local bending energy, we calculated the doublet energy within
the fixed monolayer area difference model for several values of
Aa. The total doublet energy as a function of Aa is shown in
Fig. 2. At large enough adhesion strengths =10, the doublet
energy increases steeply as Aa departs from the value it as-
sumes in a relaxed doublet, this value being only weakly de-
pendent of y and approximately equal to 0.94. Fig. 2 shows that
the minimum of the total energy as a function of Aa is more and
more pronounced as 7y is increased. These results suggest that at
large adhesion strengths, any variation of Aa around the relaxed
value results in an increase of the combined bending and
adhesion energy that is much larger than the associated change
of the non-local bending energy. In this regime, the cells in a
doublet are best described by the relaxed Aa model where Aa is
unconstrained and free to assume the optimal value at a given 7,
and the shape of a doublet is determined primarily by adhesion.
On the other hand, at small adhesion strengths <3, the non-
local bending deformation plays an important part, and it forces
the cell in an aggregate to retain the discocytic free cell shape. In
the limit of 7 — 0, the cells behave as if Aa were fixed to the
equilibrium value of a free discocyte ~1.04.

An important determinant of the shape of a free cell is its
reduced volume, and the same holds true for cell aggregates.
Here we provide a semi-quantitative insight into the dependence
of the doublet morphological sequence on the cell volume. The
phase diagram shown in Fig. 3 is partly based on the analysis of
a vesicle adhering to a flat substrate [10] where the adhesion

w 5 T T T

Fig. 2. Doublet energy computed using the fixed monolayer area difference
model as a function of Aa for reduced adhesion strengths of y=3, 6, and 10
(open circles; solid lines connecting sets of data corresponding to a certain value
of 7 indicated in the figure are a guide to the eye; the lowest point of each set
was obtained using the relaxed Aa model) compared to the superposition of the
energy of a relaxed doublet at y=3, 6, and 10 and the non-local bending energy
with k,./k.=3 [15] and Aay=1.04 (dashed lines). At =3, the minimum of w
obtained by the fixed Aa model at Aa~0.95 is shallow, and the ADE analysis
with Aap=1.04 and k,/k. (which correspond to a human erythrocyte) would
shiftitto Aa~0.99. On the other hand, at large values of adhesion strength (e.g.,
at 7=10) the minimum of the total energy becomes more pronounced and is
located at Aa ~ 0.94 virtually irrespective of . For y 2 10, any departure of Aa
from the minimal, relaxed value increases the total bending and adhesion energy
far more dramatically than the associated variation of the non-local bending
energy, and thus the effects of non-local bending are negligible.
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Fig. 3. A semi-quantitative phase diagram of cell doublets: The flat-contact
doublets are stable at reduced cell volumes larger than about ~ 0.5 (provided that
the adhesion strength is not too large), whereas at smaller volumes the only
stable type of doublet is the sigmoid-contact doublet. The limit of stability of the
sigmoid-contact doublet is based on our numerical results at v=0.5 and v=0.6,
and the free cell/flat-contact doublet transition line is adapted from Ref. [10].

threshold was found to increase as the reduced vesicle volume is
decreased below ~0.5, and partly on our numerical results at
v=0.5 and v=0.6 which show that the adhesion strength at
which the flat-contact/sigmoid-contact transition takes place
decreases rapidly with decreasing volume. These findings imply
that at reduced volumes below =~ 0.5 the flat-contact doublets
are not stable at any value of 7 and that at small reduced
volumes the only stable doublet morphology is the sigmoid-
contact doublet.

4. Asymmetrical doublets

Having established that the sigmoid shape of the contact
zone is a structural feature of doublets formed by identical cells
within a broad range of volumes and other parameters, we now
explore how it is affected by a moderate polydispersity of cells.
Clearly this particular contact-zone shape cannot be present in
aggregates formed by cells of very dissimilar volumes; in this
case, the larger cell should either partly or completely envelop
the smaller one, which should lead to structures resembling the
intermediate stages of phagocytosis. We would expect that in
this limit, doublets should bear some similarity to vesicle—
colloid complexes [21,22].

On the other hand, it is natural to expect that if the parameters
of the cells are not too different, the sigmoid contact should
remain qualitatively unchanged. We investigated the effect of
dissimilar parameters by studying doublets of cells that differ in
volume, whereas the areas and monolayer area differences are
identical. We find that the stable sigmoid-contact doublets are
generally shifted to larger adhesion strengths compared to
completely identical cells but the sigmoid-contact doublet still is
the preferred shape at strong enough adhesion. The doublet is,
of course, no longer symmetric (Fig. 4a): The contact-zone
evagination on the more inflated cell is larger than the
evagination on the less inflated one.

In a similar way, the axisymmetric weak-adhesion doublet
with a contact zone protruding into the less inflated cell (Fig. 4b)
can be regarded as a derivative of the flat-contact doublet. Thus it
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Fig. 4. Exploded view of the sigmoid-contact doublet of cells of identical area,
Aa=1.04, and v;=0.4 and v,=0.8. At large adhesion strength the stable
morphology is an asymmetric version of the sigmoid-contact doublet (a, y=18),
whereas at moderate adhesion strengths (b, p=9), the cells form an
axisymmetric male—female doublet.

appears reasonable to divide the doublet shapes into two classes
based on the number of invaginations/evaginations on the
contact zone of a cell rather than on the symmetry. Such a
division puts all male—female axisymmetric doublets with 1
contact-zone invagination and no evaginations (or vice versa)
into the same class regardless of the relative cell areas and
volumes, the flat-contact doublet being the limiting case where
the magnitude of the invagination vanishes. In a similar fashion,
all doublets with 1 invagination and 1 evagination on the contact
zone fall into the class of sigmoid-contact doublets.

The results discussed above and illustrated by Fig. 4 are
consistent with electron micrographs of erythrocytes in dextran
[19] which show a certain non-negligible degree of polydis-
persity of cells. Yet many of the cell—cell contacts are consistent
with the sigmoidal shape of the contact zone, especially in view
of the fact that the cross-sections captured by the micrograph are
likely not the most representative.

5. Modes of aggregation

The above discussion of the doublet shapes carries an
important message about the formation of large red blood cell
aggregates. In Fig. 3, we have argued that i) the sigmoid-contact
doublets are the dominant morphology at volumes comparable

to and smaller than the volume of human erythrocyte and that ii)
the aggregation threshold decreases with decreasing volume.
Given that for small adhesion strengths, the non-local bending
energy causes the cells to remain biconcave (as demonstrated in
Fig. 2) we conclude that the members of sigmoid-contact
doublets at small y should not be very different from free
discocytes. Thus upon adhesion induced by increasing 7
beyond the aggregation threshold, which is small for v<0.6
(Fig. 3), the cells in a doublet retain the invagination on the non-
contact, cap part of the membrane because of the non-local
bending energy which favors the discocytic shape. This
suggests that a third cell could conceivably easily adhere to
the doublet cap just like the members of the doublet adhere to
each other, i.e., such that the shapes of both contact zones in the
linear triplet would be close to the shape of the sigmoidal
doublet contact zone. A fourth, fifth, sixth... cell could be
appended the same way and with identical energy balance,
thereby forming a large rouleau by adding a single cell at a time
[23]. Of course, the same final configuration can also be
achieved by combining several rouleaux with concave caps
end-to-end.

This scenario can be corroborated quantitatively in terms of
the cap curvature defined as the reduced mean curvature

Ceap = R Clcap i Canp (7)
2
at the apex of the invagination/evagination on the outer face of a
cell in a doublet. This parameter has been first used in Ref. [24]
to quantify the shape of end cells in a rouleau. In Fig. 5, cap
curvature is plotted as a function of adhesion strength for the
flat-contact and sigmoid-contact doublets with Aa=1.04 as
well as relaxed sigmoid-contact doublets, and compared to the
cap curvature of a free cell; the reduced volume is 0.6. The
figure clearly shows that the cap curvature c,, of the metastable
Aa=1.04, =3 doublet is rather close to that of the free cell,
whereas in the stable flat-contact Aa=1.04, y=3 the caps are

ccap 1.5 U T T T
1 B " O’H”,’?——‘
os| 5)

Nl =
sl =

“1F
-1.5

Fig. 5. Cap curvatures versus reduced adhesion strength for v=0.6 cell doublets:
a) flat-contact doublet with Aa=1.04, b) sigmoid-contact doublet with
Aa=1.04, c) relaxed sigmoid-contact doublet. The dashed line corresponds to
the cap curvature of the free cell. Also shown are a few characteristic cell and
cell aggregate cross-sections adapted from Ref. [13]. A free cell is morpho-
logically most compatible with the cap of a sigmoid-contact doublet at adhesion
strengths around y=3 where their cap curvatures are very similar. The optimal
conditions for rouleau formation thus correspond to adhesion strengths about 10
times larger than the aggregation threshold at y~0.3 [13].
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much more concave than in the free cell. As the adhesion
strength is increased, the cap curvature of the flat-contact
doublets decreases. Simultaneously, the caps of the Aa=1.04
sigmoid-contact doublets become less concave and eventually
flatten at y =~ 6. Since at =6 the fixed Aa model is less realistic
than the relaxed Aa model (as shown in Fig. 2, in this regime
the effects of non-local bending energy stabilizing the
biconcave cell shape are outbalanced by adhesion which favors
as large a contact area as possible, and this is best described by
the relaxed model), we also plot the cap curvature for the
relaxed sigmoid-contact doublets whose outer surface is clearly
very convex. Thus the doublet type that might most effectively
participate in the rouleau-forming process is the small-y
sigmoid-contact doublet with concave caps.

Based on these results, we can define five distinct adhesion
regimes each characterized by a specific type of aggregate: a)
free cells; b) threshold regime; c) weak-adhesion regime; d)
strong-adhesion regime; and e) very strong-adhesion regime
(Fig. 6). For reduced volume of 0.6 (all values listed correspond
to cells of v=0.6), free cells are the stable configuration at
reduced adhesion strengths no larger than 0.3 [13]. In the
threshold regime with 0.3<7y <2 (all values listed except the
aggregation threshold of y=0.3 are approximate within 10—
20%), the predominant aggregate shape is the flat-contact
doublet. Caps of such doublets are considerably more concave
than those in free cells and the corresponding elastic energy
barrier for aggregation is large. As a result, formation of triplets,
quadruplets, etc. is suppressed.

In the weak-adhesion regime (2 <y <4), the sigmoid contact
is the basic morphological feature that may allow the cells to
form a rouleau while keeping the biconcave discocyte shape.
We expect that the energy barrier that prevents a free cell from
adhering to either end of a rouleau (which could be quantified as
the difference between the bending energy of a cell in an
aggregate and that of a free cell) is rather small. In contrast, any
other type of rouleau growth would involve a much larger
deformation of the cell and should be disfavored; the proposed
structure of a rouleau in the weak-adhesion regime is shown in

complex
internal
structure

Fig. 6. Adhesion regimes for reduced volume of a normal red blood cell v=0.6:
a) free cells; b) flat-contact doublets; c) sigmoid-contact rouleaux; d) sigmoid-
contact round doublets; and e) spherical large clumps with an irregular internal
structure (not indicated in the figure). Dashed lines indicate that the boundaries
between the respective regimes are approximate. See text for detailed
explanation. The free cell and doublet cross-sections are based on the numerical
minimization of the fixed Aa (a and b) and the relaxed Aa model (d) [13],
whereas the tentative structure of the sigmoid-contact rouleau is schematic.
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Fig. 7. Schematic of a rouleau cross-section in the weak-adhesion regime (a)
where the preferred mode of rouleau growth is linear; both zig-zag and staircase
cell sequence should be possible. The dashed lines indicate the rim of the contact
zone which is tilted with respect to the lengthwise rouleau axis consistent with
the micrographs of rouleaux [8]. In the strong-adhesion regime (b), the contact
zones are flat and the rouleau caps are convex. This could conceivably impede
end-on growth of the rouleau; instead, the free cells could adhere to it side-on
which should result in a more or less spherical clump.

Fig. 7a. The equilibrium rouleaux should consist of a large
number of cells: Ideally, they would be infinitely long. At the
same time, at small adhesion strengths the cells are not bonded
very strongly, and thus in this regime the rouleaux may be
broken apart by a weak mechanical disturbance such as blood
flow.

In the strong-adhesion limit (6 <7y < 10), experiments show
that the contact zones of cells in a rouleau are most likely flat
and the rouleau caps are convex [8]. Upon adhesion at the end
of a rouleau, a free cell must be deformed considerably to form
the convex cap, and several cells near the end of the rouleau
must undergo a certain morphological transformation such that
appending an erythrocyte is a non-local process. This suggests
that the energy barrier separating a n-member rouleau and a free
cell from a (n+1)-member rouleau is large and impedes
aggregation despite the considerable favorable energy differ-
ence. Due to this energy barrier, a free cell is unlikely to stick to
either cap of a rouleau. As a result, we expect the rouleaux to be
short rather than long; it is possible that the preferred type of
aggregate formed in the strong-adhesion regime is a doublet.

If the adhesion is very strong (y = 15), cells attracted to a
rouleau may prefer an energetically less favorable lateral contact
(Fig. 7b) and eventually leads to a disordered and predomi-
nantly spherical clump rather than to a rouleau. Alternatively,
the clump may be formed in a three-stage process where 1) the
cells initially form sigmoid-contact doublets whose external
shape is virtually round in this regime; ii) the spherical doublets
pack like hard-sphere particles to form a clump; and iii) the
doublet—doublet contacts relax such that the inter-doublet voids
within the clump are minimized, thereby compactifying the
internal structure of the clump. The clump is presumably closer
to the global minimal-energy configuration than the rouleau: We
stress that in the above discussion, we considered the most
probable way of rouleau growth by adding a single cell at a time,
and we looked for the most favorable way of appending it
without rearranging the existing aggregate. This means that the
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scenarios described are determined kinetically, i.e., by the mode
with the fastest growth rate. However, it seems very likely that
the rouleau and the (spherical) clump are the equilibrium
aggregate morphologies in weak and strong-adhesion regime,
respectively, so that the two kinetic pathways do lead to
minimal-energy configurations.

The above arguments addressing the rouleau length build on
the local morphology of a cell compared to either rouleau or a
spherical clump. At this level, they provide a qualitative insight
into the preferred growth modes depending on the adhesion
strength. A complete description of the ensuing distribution of
rouleaux lengths is a considerably more complex problem
which has been treated using theories of addition and
condensation polymerization [25]. At this level, it is possible
to analyze the rouleau structure in terms of the different
processes such as the addition of a single cell, the end-to-end
merging of two rouleaux, and branching [25].

Our present understanding of the mechanics of rouleau
formation relies on the specific morphological features of the
sigmoidal contact zone which, in the weak-adhesion regime, is
instrumental for keeping the shape of rouleau caps quantita-
tively very similar to the face of a free cell such that upon
adhesion, a cell need not undergo a large deformation. In this
context, we stress that the concave shape of a doublet cap does
not depend solely on the adhesion strength but also on reduced
cell volume. With decreasing reduced volume, the biconcave
character of an isolated cell becomes more pronounced, and the
concavity of the outer surfaces of the sigmoid-contact doublet
also increases simultaneously thereby facilitating the end-on
addition of a cell to a doublet. Furthermore, the semi-
quantitative phase diagram of a doublet shown in Fig. 3
suggests that the sigmoid-contact doublet is the only stable
doublet shape at reduced volumes smaller than ~0.5. Thus we
conclude that rouleau formation may also be promoted by
decreasing the red blood cell volume at fixed adhesion strength.
This mechanism of increasing the rouleau-forming tendency
would require a weak intercellular attraction in conjunction with
an agent that would reduce the volume of the cells, e.g., by way
of osmotic stress in a hypertonic environment. This could be
caused by increasing the concentration of a solute in blood
plasma, and it is possible that both non-specific molecules that
do not affect the cell—cell interaction directly as well as the non-
adsorbed fraction of molecules actively involved in inter-
membrane adhesion (e.g., fibrinogen and immunoglobulin) may
produce a similar effect. This effect has been studied and
observed in vitro [26].

It is also possible that a similar effect may be caused by a
moderately hypotonic environment which increases rather than
decreases the cell volume. A normal red blood cell is biconcave,
and if its reduced volume is increased to about v~0.9 the
invaginations disappear and the curvature of the flattened parts
of the cell is virtually 0. On the other hand, the threshold for
adhesion at a flat substrate is lowest at v~0.65 [10]; the
invagination of the non-contact cap of the cell is still rather
pronounced at this volume. Taken together, these two facts
suggest that at a certain volume somewhere between 0.65 and
0.9 the free cell shape needs not be modified dramatically to

form a flat-contact rouleau and the aggregation threshold should
reach a minimum at this value of v. However, we note that if the
cell volume is increased beyond the point where the adhesion
threshold is smallest (at v = 0.65, cf. Fig. 3), aggregation should
be suppressed.

6. Conclusions

Based on our theoretical insight into the morphology of vesicle
doublets, we have analyzed the possible mechanisms of rouleau
formation in red blood cells. We find that the most probable mode
of growth of the linear aggregates is by adding a single cell end-on
or, alternatively, by an end—end contact of several rouleaux. This
mode is active in the weak-adhesion regime where the shape of
the rouleau cap is moderately concave. The estimated range of
reduced adhesion strengths where rouleau growth is promoted is
between y~2 and y~4; for erythrocytes, this corresponds to
adhesion strengths between 80 and 160 nJ/m?. At larger adhesion
strengths, the rouleau growth is impeded or even arrested, and any
further aggregation produces more or less spherical clumps of
cells rather than rouleaux. This scenario is consistent with the
experimental observations of red blood cell aggregates in dextran
[18] and in vivo [25].

Finally, we stress that the adhesion strength is not the only
physical and physiological parameter that controls aggregation:
Cell volume is also important, and rouleau growth should be
promoted either by deflation (which stabilizes sigmoid-contact
rouleaux) or by a moderate inflation (which stabilizes flat-
contact rouleaux). Thus we conclude that rouleau formation is
not governed solely by the presence of biochemical agents
causing inter-membrane attraction but also by any plasma
component that affects the osmotic stress. At this point, it would
be worthwhile to identify the potentially relevant blood factors
such that their physiological concentration varies across a large
enough range to affect aggregation by altering red blood cell
volume. This would further elucidate the causal relationship
between the erythrocyte sedimentation rate and the physiolo-
gical conditions, which remains an open and clinically relevant
problem [27].
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Electrically excitable bovine adrenal chromaffin cells were exposed to nanosecond duration electric pulses at
field intensities ranging from 2 MV/m to 8 MV/m and intracellular calcium levels ([Ca®*];) monitored in real
time by fluorescence imaging of cells loaded with Calcium Green. A single 4 ns, 8 MV/m pulse produced a
rapid, short-lived increase in [Ca?*];, with the magnitude of the calcium response depending on the intensity
of the electric field. Multiple pulses failed to produce a greater calcium response than a single pulse, and a
short refractory period was required between pulses before another maximal increase in [Ca®*]; could be
triggered. The pulse-induced rise in [Ca®*]; was not affected by depleting intracellular calcium stores with
caffeine or thapsigargin but was completely prevented by the presence of EGTA, Co®*, or the L-type calcium
channel blocker nitrendipine in the extracellular medium. Thus, a single nanosecond pulse is sufficient to
elicit a rise in [Ca?"]; that involves entry of calcium via L-type calcium channels.
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Calcium influx
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1. Introduction

Nanosecond duration electric pulses of high electric field intensity
(MV/m) induce intracellular responses in the absence of conventional
electroporation of the plasma membrane [1,2]. Most notable is the
release of calcium from internal stores [3-5], a response that can in
turn activate cellular processes such as apoptosis, which has
implications for cancer therapy [6,7].

Because the response of particular cell types to nanoelectropulses
depends on the pulse rise time, pulse duration, number of pulses, and
electric field intensity [8], the delivery of nanosecond pulses
potentially could be tailored to achieve selectivity, not only with
respect to the cellular response desired but also the cell type being
targeted [9]. However, before this potential is realized, an under-
standing of how diverse cell types respond to nanoelectropulses is
essential. The goal of the present work was to extend studies of ultra-
short, high-field pulse effects to include electrically excitable neuro-
secretory chromaffin cells that release catecholamines via a mechan-
ism triggered primarily by calcium entry into the cell via voltage-gated
calcium channels, rather than by release of calcium from intracellular
stores. Our approach was to monitor [Ca®*]; in cells exposed to 4 ns
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duration electric pulses with field intensities ranging from 2 MV/m to
8 MV/m. The results show that a single pulse is sufficient to induce a
pronounced transient increase in [Ca®']; that involves a different
mechanism from that described to date for non-excitable cells. A
preliminary report of this work has been previously presented [10].

2. Methods
2.1. Preparation of chromaffin cells

Chromaffin cells were isolated from fresh bovine adrenal medullas
using the method described by Waymire et al. [11] and maintained in
suspension culture as previously described [12].

2.2. Fluorescence microscopy of nanoelectropulsed cells

Chromaffin cell aggregates that form in suspension culture were
dissociated into clusters of ten cells or less, including single cells [12,13],
and the cells were loaded with the calcium fluorescent indicator dye
Calcium Green-1-AM (Invitrogen; Ex4gp nm and Emsss ) at 1 pM in
RPMI 1640 medium (Irvine Scientific) for 1 h at 37 °C. After resuspension
in dye-free RPMI 1640, the cells were transferred to a microfabricated
electrode chamber [14] that was positioned on the stage of a Zeiss
Axiovert 200M epifluorescence microscope. Images were captured and
analyzed with a LaVision Imager QE camera and software and a MOSFET,
saturable-core, transformer-switched, fast-recovery diode pulse gen-
erator [15] that was mounted on the microscope stage delivered 4 ns
pulses (200-800 V) directly to the microchamber electrodes in ambient
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Fig. 1. Fluorescence imaging of [Ca®*]; in chromaffin cells exposed to a single 4 ns, 8 MV/m
pulse. (A) Photomicrographs of cells before (bright field and 0 s) and 6 s after the pulse was
applied. (B) Calcium traces for the cells shown in (A); (C) calcium traces for cells from a
separate, similar experiment. In (B) and (C), and in subsequent figures, the lines with
symbols are mean values, and the arrows indicate when the pulse was applied.

atmosphere at room temperature. Details of this experimental appara-
tus are given in Sun et al. [16]. Fluorescence intensity curves were
generated from a set of sequential images of cells from each experiment.
All fluorescence data have been normalized to the intensity value at the
point where the first pulse was applied, and each fluorescence curve
represents the integrated response over the area of an individual cell.
Background fluorescence was measured in several cell-free regions of
the visual field. Because direct addition of reagents to the cells in the
microelectrode chamber was not feasible, the response of the cells to
addition of the nicotinic receptor agonist dimethylphenylpiperazinium
(DMPP; Sigma) was obtained separately by introducing 0.4 uL of a 5 mM
solution of the drug into a cover glass chamber containing 200 pL of the
cell suspension. YO-PRO-1 was obtained from Invitrogen.

3. Results and discussion
3.1. Effect of 4 ns pulses on [Ca®"];

As shown in Fig. 1, application of a single 4 ns, 8 MV/m pulse
induced a rapid, marked rise in [Ca®*]; that was maximal by 1 to 2 sand

transient, with [Ca®"]; returning to baseline values typically by 15 to

45 s. A second 4 ns, 8 MV/m pulse delivered before [Ca®']; reached
baseline values produced only a slight additional elevation of [Ca"];
(Fig. 2A) and a maximal rise in [Ca%']; was again observed when
another pulse was delivered more than 30 s after the calcium response
from the previous pulse had returned to baseline (Fig. 2B). Consistent
with this latter finding was that multiple pulses delivered at repetition
rates from 0.5 Hz to 1 kHz did not elicit a greater rise in [Ca®*]; than that
elicited by a single pulse (data not shown). These results indicate that
delivery of only a single 4 ns pulse is sufficient to elicit a maximal
increase in [Ca%*]; and that multiple pulses delivered to the cells at high
repetition rates are no more effective for increasing [Ca®*}; than a single
pulse. They further show that a second increase in [Ca®']; can be
elicited after [Ca®']; returns to resting levels, suggesting that calcium
clearance mechanisms most likely involving both cell extrusion and
uptake into internal storage sites are functional and that as long as a
sufficient period of time elapses between pulses, the cells can respond
fully to another nanoelectropulse stimulus.

The response of chromaffin cells to a nanoelectropulse was highly
reproducible across experiments that included cells at different times
in culture as well as cells from different preparations, and was also
observed in both single and aggregated cells. In addition, the
magnitude of the response was dependent on field intensity, with
the rise in [Ca®*]; progressively decreasing as field intensity decreased
from 8 MV/m to 2 MV/m (data not shown). Although direct
comparisons of the calcium response of the cells to a single
nanoelectropulse and to the nicotinic receptor agonist DMPP were
not feasible, the magnitude of the increase in [Ca®']; elicited by a pulse

>
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Fig. 2. Response of chromaffin cells to multiple applications of 4 ns pulses. (A) A second
8 MV/m pulse was applied 8 s after the first 8 MV/m pulse; (B) A second 8 MV/m pulse
was applied 40 s after the first 8 MV/m pulse, with cell illumination discontinued
between pulses.
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Fig. 3. Response of chromaffin cells to 4 ns, 8 MV/m pulses. In (A) the cells were
incubated with 10 mM caffeine before and during the application of a single 4 ns, 8 MV/m
pulse. A second 8 MV/m pulse was applied 40 s after the first 8 MV/m pulse, with cell
illumination discontinued between pulses. In (B), 20 pM nitrendipine was present in the
extracellular medium.

at a field intensity of 8 MV/m was at least as great in magnitude as that
elicited by nicotinic receptor activation.

3.2. Inability of calcium store depletion to block the rise in [Ca®*];

Experiments to determine whether the pulse-stimulated increase in
[Ca®*]; was due to release of calcium from internal stores consisted of
incubating chromaffin cells prior to and during pulsing with drugs that
cause a depletion of stored calcium. These drugs include caffeine
(10 mM), which empties calcium from ryanodine-sensitive endoplasmic
reticulum stores [17], and thapsigargin (2 uM), which prevents calcium
from accumulating in stores by blocking endoplasmic reticulum Ca?*-
ATPase [18]. As shown in Fig. 3A, neither the response to a single 4 ns,
8 MV/m pulse nor to a subsequent pulse applied 40 s after the first pulse
was prevented by caffeine-induced calcium store depletion. However,
the rise time of the pulse-induced increase in [Ca%']; appeared to be
faster and the calcium response was more sustained when caffeine was
present. Treatment of the cells with thapsigargin also did not prevent
the increase in [Ca®*]; elicited by the nanoelectropulse (data not shown).
Thus, a single nanosecond duration electric pulse elicits a rapid rise in
[Ca?*]; in chromaffin cells that does not involve mobilization of calcium
from internal stores. This finding contrasts with that observed for non-
excitable cells, such as Jurkat and HL-60 cells, where application of
a single nanosecond electric pulse elicits a rise in [Ca®*]; that can be
prevented by agents that deplete calcium stores [3-5,14]. Taken
together, these results suggest that for excitable chromaffin cells, in-
ternal organelle membranes are not the primary target of the
nanoelectropulse with respect to increasing [Ca®'];.

3.3. Chelating extracellular calcium or blocking plasma membrane
calcium channels prevents the rise in [Ca®"];

In contrast to the results observed with calcium store depleting
agents, chelating calcium in the extracellular medium by adding EGTA
to a final concentration of 5 mM prevented the rise in [Ca®"]; (data not
shown), indicating that the source of calcium was from outside the
cell. To explore this result further, cells were pulsed in the presence of
Co* (1 mM), a non-selective blocker of calcium channels. The
response of the cells to the nanoelectropulse was again blocked
(data not shown). Pulsing the cells in the presence of nitrendipine
(20 pM), a dihydropyridine that is a selective antagonist of L-type
voltage-sensitive calcium channels, also prevented the rise in [Ca®*];
(Fig. 3B), suggesting that L-type calcium channels are involved in the
pulse-induced entry of calcium into the cells. These results indicate
not only that the plasma membrane appears to be the immediate
target of the pulse but also that calcium entry into the cell occurs via a
specific type of plasma membrane voltage-sensitive calcium channel.
Our findings therefore broaden the range of responses that have been
identified for nanoelectropulse effects on biological cells to include,
as a primary response, changes in the conductance of a specific
dihydropyridine-sensitive, voltage-dependent plasma membrane ion
channel that gates calcium. With respect to bovine chromaffin cells,
this observation is particularly intriguing since these cells express
three other types of plasma membrane voltage-sensitive calcium
channels (N- and P/Q-type channels [19,20]) that account for 80% of
the whole cell calcium current [21]. Therefore, if the pulse-induced
rise in [Ca®']; results from a pulse-driven depolarization of the
chromaffin cell plasma membrane [22] that activates the voltage-
dependent L-type channels, then one might expect N- and P/Q-type
channels to open as well since these channels are not only present in
much greater abundance relative to L-type channels but also activate
at membrane potentials similar to those for L-type channels [23]. Also
worthy of note is that our pulse exposures appear to have no effect on
a constitutively active, voltage-insensitive plasma membrane cation
channel that is responsible for influx of calcium into bovine
chromaffin cells under resting conditions [24]. One possible explana-
tion for the apparent selectivity of the pulse-induced effects on cal-
cium entry into the cells is that the very short duration of the high
intensity electric field has a direct electroperturbating effect only on
L-type channels. This possibility is currently being explored.

3.4. Lack of evidence of plasma membrane electroporation after a single
4 ns pulse

The observation that application of multiple pulses to chromaffin
2+
li

cells does not result in additive increases in [Ca suggests that

2.2

Normalized Intensity

Time/s

Fig. 4. Effect of single and multiple applications of 4 ns, 8 MV/m pulses on the influx
of YO-PRO-1 into chromaffin cells. A single pulse was delivered at 0 s and at 5 s, and
50 pulses were delivered at 10 s, as indicated by the arrows.
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nanoelectropulse treatment does not produce significant poration of
the chromaffin cell plasma membrane, or that any pores produced are
not calcium-conductive. To assess plasma membrane integrity
directly, nanoelectropulses were delivered to the cells in the presence
of the fluorochrome YO-PRO-1 (5 puM), a compound that is excluded
from cells with intact membranes [25] and which has been used as an
indicator of plasma membrane permeabilization after nanosecond
pulse exposure [26]. As shown in Fig. 4, detectable uptake of the dye
into the cells occurred after the application of fifty 4 ns, 8 MV/m
pulses, but not after single pulses. Thus, plasma membrane electro-
poration does not appear to be a significant factor in the chromaffin
cell response to the application of a single pulse.

4. Conclusion

This study is the first to show that for an electrically excitable cell, a
single 4 ns electric pulse causes entry of calcium into the cell via
voltage-sensitive L-type channels. Because L-type channels in chro-
maffin cells are associated with the exocytotic machinery that is
located at the plasma membrane and responsible for triggering
catecholamine release, an obvious question is whether the calcium
that enters the cells with each nanoelectropulse attains sufficiently
high subplasmalemmal levels to have physiological significance. A
determination of whether catecholamine release is stimulated in
response to a single pulse is underway since the results of these
experiments will have implications for predicting effects of nanose-
cond electric pulse exposure on the behavior of other excitable cells
that use calcium entry via L-type calcium channels for eliciting and
controlling cellular responses.
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Abstract

Red blood cells are able to undergo shape change from the “normal” discocyte to either echinocytes or stomatocytes depending on a large variety
of membrane and cytoplasmic parameters. Such shape changes can be relatively fast (within seconds) during the sedimentation of the cells in
suspension or after the cells are getting in contact with artificial surfaces. High resolution digital holographic microscopy has been applied to study
these processes. This method represents a new set-up allowing a contact-less and marker-free quantitative phase-contrast imaging of living cells under
conventional laboratory conditions. With the applied technique we were able to detect and analyse fast shape changes of red blood cells.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Red blood cell; Erythrocyte; Shape change; Digital holographic microscopy; Cell surface interaction; Artificial surface

1. Introduction

Red blood cells (RBCs) from various mammalian species can
have different resting shapes. The “normal” discocyte is able to
transform to either echinocytes or stomatocytes depending on a
large variety of membrane and cytoplasmic parameters. Our
current understanding of the mechanism of the shape change is
based on the “bilayer” couple mechanism developed by Sheets and
Singer [1]. It assumes that an expansion of the inner or outer leaflet
of the membrane leads to changes of the bilayer-based curvature
since the two leaflets cannot separate from each other due to their
coupling by hydrophobic interactions. It has been demonstrated
that an expansion of one of the leaflets can occur after the
transversal redistribution of the membrane phospholipids or after
an insertion of amphiphilic compounds into the membrane.

* Corresponding author. Tel.: +49 681 3026689; fax: +49 681 3026690.
E-mail address: i.bernhardt@mx.uni-saarland.de (I. Bernhardt).
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However, such a structural change of the membrane bilayer is a
relatively slow process and occurs within minutes only.

On the other hand, a conformational change of integral
membrane proteins could also lead to an expansion of one leaflet
ofthe membrane bilayer relative to the other one and in turn results
in a shape change. Such a possibility was speculated by Gimsa and
Ried [2] interpreting the echinocytogenic effect of stilbene
disulfonates (e.g. DIDS) and pyrimido-pyrimidines (e.g. dipyr-
idamole), which are known inhibitors of the anion transport
protein (band 3) in terms of a ligand-induced “recruitment” of
band 3 protein to an outward-oriented conformation [3]. Recently
we were able to demonstrate experimentally that the RBC shape
depends on the conformation of the band 3 proteins, i.e. is affected
by the change in the cross-sectional area of each band 3 monomer
in the outer leaflet of the membrane. These investigations have
been carried out with glutaraldehyde-fixed RBCs applying the
AFM technique [4].

In comparison to the above mentioned process of lipid
redistribution, the protein-based expansion of one of the membrane
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leaflets is relatively fast (within seconds). In addition, a very fast
shape change can be observed when RBCs get in contact with a
glass or artificial surface. To study the process of such rapid shape
changes of living (non-fixed) RBCs we applied the high resolution
digital holographic microscopy [5,6]. Using this method it is
possible to perform time-resolved quantitative microscopic
measurements of changes in the lateral and axial shape under
different experimental conditions.

2. Materials and methods
2.1. Red blood cell preparation

Freshly drawn blood from healthy human donors was used for
the experiments. The RBCs were isolated by centrifugation
(2000 xg, 5 min) at room temperature and the plasma and buffy
coat removed by aspiration. The cells were washed three times
with a physiological NaCl solution containing 145 mM NaCl,
10 mM glucose, 10 mM 4-(2-hydoxyethyl)-1-piperazineethane-
sulfonic acid/NaOH (HEPES/NaOH), pH 7.4 at room tempera-
ture. The cells were re-suspended at a haematocrit of 0.01% on
cover slips and immediately used for digital holographic mi-
croscopy measurements. Cover slips were coated with 0.01%
poly-l-lysine (Sigma). Poly-I-lysine is widely used as an adhesive
substance for cells in microscopy. In some experiments the cell
shape was transferred to echinocytes by adding 10 uM 4,4”-
diisothiocyanatostilbene-2,2”-disulfonic acid (DIDS) obtained
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Fig. 1. Schematic setup of an inverse off-axis digital holographic microscopy
system with transmitting light illumination of the sample.
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Fig. 2. Quantitative holographic phase contrast images of RBCs in physiological
solution. The images (a), (b) indicate a “normal” discocyte, the images
(c), (d) indicate an echinocyte; (shape change after the addition of 10 pM DIDS).
(a), (c): grey level representations of the holographic phase contrast images;
(b), (d): pseudo 3D plots of 2a and 2c; (e): cross-sections along the line marked
with arrows in (a) and (c).

from Sigma to the solution before transferring the cells on the
cover slips.

2.2. Setup for digital holographic microscopy

Holographic interferometric metrology is an established tech-
nique for technical non-destructive testing. For hologram re-
cording the sample is illuminated by coherent laser light. The light
that is reflected or transmitted by the sample is superimposed with
a coherent reference wave. The resulting interferogram is re-
corded using a storage medium (e.g., photographic plate for
classical holographic recording). In this way, holography permits
the recording and reconstruction of wave fields in both, amplitude
and phase. Digital holography is based on the classic holographic
principle, with the difference that the hologram recording is
performed by a digital image sensor, e.g. a CCD or CMOS
camera. The subsequent reconstruction of the holographic images
is carried out numerically with a computer. In connection with
microscopy, digital holography provides contact-less, marker-free
quantitative phase-contrast imaging that is suitable for modular
integration into common microscopes [7,8]. The digital holo-
graphic feature of (subsequent) numerical focus adjustment opens
up applications for multi-focus imaging. Thus, quantitative phase
contrast metrology for high resolution investigation of reflective
surfaces (sample dependent up to <5 nm in axial direction) and
marker-free analysis of living cells [5,6,9] is enabled.
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Fig. 3. Quantitative analysis of the sedimentation of a single human red blood
cell in dependence on time. The z-displacement of a cell relatively to the z-
position at the beginning of the experiment is obtained from subsequent digital
holographic focus correction data.

Fig. 1 illustrates the applied setup of a digital holographic phase
contrast microscopy system for the investigation of living cells [8].
The light of a frequency doubled Nd:YAG laser (A=532 nm) is
divided into an object illumination wave (object wave) and a
reference wave. Single mode optical fibres are applied for a
variable light guidance. The illumination with laser light is per-
formed by coupling the object wave into the microscope con-
denser. Thus, an optimized (Koehler-like) illumination of the
sample is achieved. The reference wave is guided directly to an
interferometric unit that is adapted to one of the microscope’s

camera ports. Holographic off-axis geometry is generated by a
beam splitter that affects a slight tilt of the reference wave front
against the wave front of the object wave. The interferogram that is
formed by the superposition of object wave and reference wave is
recorded by a CCD camera and transferred via an IEEE1394
(“FireWire”) interface to an image processing system for the
reconstruction and the evaluation of the digitised holograms. The
magnification of the microscope lens (Zeiss Acroplan 63X,
NA=0.75) is chosen in such a way that the smallest imaged
structures, given by the restriction of the Abbe criterion, are over-
sampled by the image recording device. In this way the maximum
diffraction limited resolution of the optical imaging system is not
decreased by the numerical reconstruction algorithm [5]. The
hologram capturing time depends on the applied imaging device
(here the CCD camera, typically: ms-range).

2.3. Reconstruction of digital holograms and evaluation of
holographic phase contrast images

The reconstruction of the digitally recorded holograms is per-
formed numerically. A spatial phase shifting based reconstruction
method has been developed that is particularly suitable to digital
holographic microscopy [5,6]. In connection with autofocus
algorithms [10], automated multi-focus imaging during time-lapse
measurements as well as automated quantitative focus tracking is
enabled which is of main interest in this contribution.

With information about the integral refractive index of the
specimen the digital holographically obtained quantitative phase

B) ol

d/um

cell in suspension
- - - - sedimented cell

6 8 10 12
X /um

Fig. 4. Investigations on shape variations during sedimentation of a human red blood cell (in suspension) on a coated surface (63 microscope lens, NA=0.75).
(a): grey level coded phase contrast images (upper row) and pseudo 3D plots of the red blood cell before and after contact with the coated glass surface at =22 s,
(b): cell thickness before and after the contact with the surface at the cross-sections that are marked in (a) by white arrows
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14 um

Fig. 5. Gray level representations of the holographic phase contrast images (left) and pseudo 3D plot (right) of sedimented red blood cells on the cover slip surface

coated with poly-L-lysine.

contrast images can be applied for thickness and shape measure-
ments of semi-transparent microscopic samples, such as living
single cells [7,8,11]:

— ¥ Dell . 1

2n Neell — Nmedium

d

(1)

In Eq. (1) d represents the cell thickness and A, is the optical
path length change of the cells with the integral refractive index
Teent 1o the surrounding medium with a refractive index 7,edium-

3. Results

Fig. 2 illustrates the appearance of living RBCs in physiolo-
gical solution in the quantitative digital holographic phase
contrast images (Fig. 2a and c: gray level representations of the
holographic phase contrast images; Fig. 2b and d: pseudo 3D
plots of 2a and 2c). The images 2a and 2b represent a “normal”
discocyte, whereas the images 2¢ and 2d indicate an echinocyte.
The shape change has been obtained by adding 10 uM DIDS to
the cell suspension in physiological solution before the cells were
transferred to cover slips for imaging. Fig. 2e depicts the different
cell shapes by cross-sections through cell thickness that have been
calculated by application of Eq. (1) from the holographic phase
contrast images which are marked in Fig. 2a and ¢ by white arrows
(neen estimated to be = 1.4, [12]; #pmedium=1.337, measured with
an Abbe refractometer).

One particular advantage of using digital holographic micro-
scopy is the possibility to track the sedimentation of a single cell
by automated quantitative focus tracking. It also allows following
the whole sedimentation process by observation of a single cell’s
z-position (object position) in relation to the position at the
beginning of the experiment which is represented in Fig. 3.
Fluctuations in the measured time dependence of the z-position
values (e.g., at 1~ 20 s) are effected by convection within the cell
suspension and mechanical instabilities of the experimental setup.
Analysing the focus correction in dependence on time, a RBC
sedimentation rate of about 3 mm/h has been estimated. Dif-
ferences of the sedimentation rate have not been analysed for
“normal” (discocytes) and DIDS-treated cells (echinocytes). In
principal it should be also possible to present the sedimentation
process as a 3D image. For this purpose, however, an enhanced
algorithm has to be applied.

An important advantage of working with digital holographic
microscopy is that it permits to investigate the process of interaction
of single cells with the bottom surface of the sedimentation

chamber (e.g., cover slip or petri dish). By application of suitable
CCD cameras this process can be studied dynamically with a high
frame acquisition rate. The shape transformation of a human RBC
attaching the bottom surface of a cover slip coated with poly-L-
lysine is shown in Fig. 4. The upper row of Fig. 4a shows the grey
level coded phase contrast images of the RBC before surface
contact at =0, =7 s, =21 s and directly after the interaction with
the surface at t=22 s. In the lower row, the corresponding pseudo
3D representations of the phase contrast images are depicted.
Fig. 4b shows the change of the shape by the calculation of the cell
thickness with Eq. (1) before (r=21 s) and after the contact with the
glass surface (r=22 s) at the cross-sections through the holographic
phase contrast image that are marked in Fig. 4a by white arrows.

It is of importance to notice that the application of this
technique allows for the first time to follow such fast shape
changes of cells after interaction with artificial surfaces with high
temporal resolution. Until now analysis of shape changes have
been performed after the cells where settled down on a surface.
Only after some minutes the shapes have been categorized.

Fig. 5 shows on the left the quantitative holographic phase
contrast image of several RBCs on a cover slip surface coated
with poly-L-lysine after sedimentation and the corresponding
grey level coded pseudo 3D representation. For all cells a mainly
spherical shape is observed.

4. Discussion

Digital holographic microscopy is nowadays a versatile tool to
investigate living cells (see e.g., [6,7]). In comparison to bright field
or Nomarsky images this technique has the advantages of
quantitative dynamic phase contrast imaging in combination with
subsequent quantitative (autofocus) imaging of different object
planes. In addition, the axial resolution is significantly higher than
in classical optical microscopy [7]. Furthermore, in contrast to other
imaging techniques, digital holographic microscopy is minimally
invasive and enables temporal investigations of dynamic processes.

The presented results show that this technique can be applied
to investigate dynamic processes of RBCs. For instance, the
sedimentation process of the cells can be observed and the cells
can be analysed and imaged during this process. In addition, fast
shape changes of the cells during the sedimentation and/or after
the cells are getting in contact with artificial surfaces can be
investigated.

The shape change of the RBCs observed after the cells are
attached to the poly-L-lysine coated glass surface is very fast (less
than 1 s). Such a fast shape change can be also observed if the cells
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are getting in contact with the uncoated glass surface of the cover
slip. In this case echinocytes are formed (known as the “glass
effect” in the literature [13,14], not shown). It seems evident that
such fast shape changes are not based on lipid redistribution
between the two membrane leaflets. It is more realistic to assume
that the fast shape changes are due to changes of the conformation
of major membrane proteins, as it was shown for conformational
changes of the anion transport protein (band 3) [4].

In conclusion, digital holographic microscopy represents a
new set-up allowing a contact-less and marker-free quantitative
phase-contrast imaging of living cells under conventional lab-
oratory conditions. Using this technique we were able to detect
and analyse fast shape changes of red blood cells.
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A new, simple and selective differential pulse voltammetry (DPV) method for the simultaneous
determination of selected drugs in model solutions and spiked human urine samples with prior extraction
was developed and validated. The objects of analysis were paracetamol, furosemide, dipyrone, cefazolin and
dexamethasone belonging to four different therapeutic groups (antibiotics, analgesic, demulcent and
diuretic). Analytical methods for the preparation of urine samples for voltammetric analysis (liquid-liquid
Keywords: extraction — LLE and solid-phase extraction — SPE) were worked out and optimized. Hanging mercury drop
Drugs electrode (HMDE) and graphite electrode were used as working electrodes. Reference electrode was Ag|AgCl|
KCl(sat), whereas auxiliary electrode — platinum electrode. The optimal conditions for quantitative
determination were obtained in a Britton-Robinson (BR) buffer at pH 2.4. Quantification was performed
by means of calibration curve and standard addition methods. The calibration curves of analysed drugs are
linear within the range of concentration: 6.61-66.10, 6.05-54.42, 6.00-65.00, 4.20-33.58 and 0.51-3.06 uM
for paracetamol, furosemide, dipyrone, cefazolin and dexamethasone, respectively. The levels of analysed
compounds in human urine can be successfully determined using this developed method with no matrix

Differential pulse voltammetry
Liquid-liquid extraction
Solid-phase extraction

Human urine

effect.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

It often happens that patients are treated simultaneously with a
few drugs representing different groups. Analysis of drugs contents in
body fluids is necessary inter alia during following a given drug
therapy, in cases of intoxication or suspicion of drug intoxication, drug
addiction or in anti-drug control [1]. Used above the therapeutic
levels, these drugs can cause a wide variety of adverse effects and their
fast analysis could have a significant impact in treatment and recovery
of the patients. In view of necessity monitoring of given drugs
concentration, particularly in case of simultaneously given of different
drugs exists necessity disposing of analytical methods providing
simultaneously determination in the shortest time. Therefore a new
differential pulse voltammetry (DPV) method for simultaneously
determination of selected drugs was elaborated.

Generally for drugs determination distribution techniques i.e. chro-
matography and electrophoresis are used; rarely spectroscopic and
electroanalytical methods. Electroanalytical methods could be used as a
comparative methods for others methods in inter-laboratories researches
or in certified reference materials (e.g. urine with different drugs)
preparation or as a detection methods in high-performance liquid

* Corresponding author. Tel.: +48 32 237 1816; fax.: +48 32 237 1205.
E-mail addresses: irena.baranowska@polsl.pl (I. Baranowska),
piotr.markowski@polsl.pl (P. Markowski).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.022

chromatography (HPLC). During sample preparation using standards,
authors did not examine the combinations of drugs which are not
commonly used in clinical practice or which are not recommended to be
used simultaneously.

The subjects of researches in that study were analgesic — paracetamol
(PAR) and dipyrone (DPR), demulcent — dexamethasone (DEX), diuretic —
furosemide (FUR) and antibiotic — cefazolin (CFZ) drugs. These combina-
tions of cures can be found together in biological samples (urine, plasma,
blood). Researches referring above-mentioned drugs by electroanalytical
methods include mostly determination drugs placed in table, syrups or
model solutions, only small works affect body fluids. Follow from
literature data PAR was determined in plasma (individually) [2] and FUR
[3], CFZ [4] in urine (individually). For others drugs there are lack of
application for body fluids. Literature review referring electrochemical
methods of determination researching drugs is given in Table 1.

In the present study, besides basic researches referring to
elaboration conditions of determination of nearby above-mentioned
drugs, application for urine sample in which researches drugs were let
in was also investigated. The procedure was successfully applied to the
simultaneous determination of PAR with FUR as well as DPR with CFZ
and DEX in spiked human urine samples. The combinations of
analysed drugs are in agreement with the ones most often used in
the ward and most frequently found together in urine samples. At the
best of our knowledge the electrochemical oxidation (PAR and FUR)
and reduction (DPR, CFZ and DEX) have not been previously reported.
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Table 1

The parameters of samples preparation and determination of selected drugs according to the literature data

Drug Method Working electrode Reference electrode Medium RD.? Ref.

PAR Voltammetry PtE" Ag/AgCIP Phosphate buffer at pH 7.4 0-2 mM [2]
DPV® GCE! SCE¢ Methanol/0.1 M HCIO, (1/1) 0-55 g mL™’ (5]
LSV© CPE/ Ag/AgCIP Acetate buffer at pH 4.7 3.107%-75-107> M [6]
swvd CMEX or GCE! Ag/AgCIP 0.05 M HCIO, 5-250 UM 7]
DPV® AuM' Ag/AgCIP Phosphate buffer at pH 7.2 2.0-1077-15-107> M [8]

FUR DPV® or SWV¢ GCE' SCEY BR buffer at pH 4.5 and 5.0 0-5.5-107°> M 3]

DPR cve CPEM™ SCE4 0.1 M KCl medium at pH 7.0 9.9.107°-2.8-103 M [9]
DCPf DME" Ag/AgCIP Acetate buffer at pH 3.6 0.008-0.06 mg mL™! [10]

DEX DPP® DME" Ag/AgCIP Acetate buffer at pH 5.0 0.008-0.048 mg mL™! [11]

CFZ DCPf DME" SCEY BR buffer at pH 6 8.6-1071°-2-10"7 M [12]
SWvd or Cve HMDE® Ag/AgCIP BR buffer at pH 6
LSV€ or CV© DME" SCE4 0.1 M acetic/o-phosphoric acid buffer of pH 4.75 1.0-107°-1.0-1077 M [13]
LSV€ or CV*© HMDE® Ag/AgCIP BR buffer at pH 4 and acetate buffers (pH 3.6 - 5.0) - [4]

Range of determination, Pdifferential pulse voltammetry, ‘linear sweep voltammetry, Ysquare wave voltammetry, °cyclic voltammetry, ‘direct current polarography, &differential
pulse polarography, "platinum electrode, 'glassy carbon electrode, icarbon paste electrode, *nafion®/ruthenium oxide pyrochlore working electrode, 'gold nanoparticles modified
indium tin oxide electrode, Mcarbon paste electrode modified with N,N’-ethylenebis(salicylideneiminato)oxovanadium(IV) complex ([VO(Salen)]), "dropping mercury electrode,
°hanging mercury drop electrode, Psilver/silver chloride electrode, 9saturated calomel electrode.

The main advantages of the proposed method are related to its
rapidity, simplicity and low cost.

bought from Riedel-de Haén (Seelze, Germany). The structures of the
analysed drugs are presented in Fig. 1.

Potassium phosphate dibasic (K;HPO,4), potassium phosphate
monobasic (KH,PO,4), sodium phosphate dibasic (Na,HPO,), o-boric
acid (H3BOs3), acetic acid (CH3COOH), o-phosphoric acid (H3POy),

2. Experimental

2.1. Chemicals, reagents and solutions

Dexamethasone {9-fluoro-11,17-dihydroxy-17-(2-hydroxyacetyl)-
10,13,16-trimethyl-6,7,8,11,12,14,15,16-octahydrocyclopentaa]
phenanthren-3-one}, furosemide {4-chloro-2-(2-furylmethylamino)-
5-sulfamoyl-benzoic acid} and cefazolin sodium salt {sodium 4-[(5-
methyl-1,3,4-thiadiazol-2-yl)sulfanylmethyl]-7-oxo-8-(2-tetrazol-1-
ylacetyl)amino-2-thia-6-azabicyclo[4.2.0]oct-4-ene-5-carboxylate}
(97-99.9% purity) were purchased from Sigma-Aldrich (Darmstadt,
Germany). Paracetamol {N-(4-hydroxyphenyl)acetamide} (99.5% pur-
ity) was obtained from Fluka BioChemika (Darmstadt, Germany).
Dipyrone monohydrate {sodium [(1,5-dimethyl-3-oxo-2-phenyl-pyrazol-
4-yl)-methyl-amino]methanesulfonate hydrate} (>99% purity) was

hydrochloric acid (HCl,q), perchloric acid (HClIO4) and sodium
hydroxide (NaOH), were purchased from POCH (Gliwice, Poland).
Acetonitrile, methanol and ethyl octane for analysis were purchased
from POCH (Gliwice, Poland). All reagents and solutions used in this
work were of analytical grade.

2.2. Human urine samples

Human urine was obtained from six healthy volunteers of different
sex and age. Aliquots were centrifuged at 7000 rpm for 5 min at room
temperature (222 °C) and processed in the manner described in
Section 2.9. These urine samples were analysed immediately or they
were stored at —18 °C until analysis.
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Fig. 1. Chemical structures of PAR, FUR, DPR, CFZ and DEX.





I. Baranowska et al. / Bioelectrochemistry 73 (2008) 5-10 7

2.3. Instrumentation

All voltammetric measurements were carried out using computer
controlled ECO-TRIBO Polarograph with PolarPro ETP 2.0 software for
storing and processing data in combination with a voltammetric mini-
microelectrode System UMLE (PolaroSensor) (Prague, Czech Repub-
lic). Voltammetric measurements were carried out in a 10 mL glassy
electrochemical cell. A three-electrode cell system was completed by
means of a hanging mercury drop electrode (HMDE) (area: 0.025 cm?)
or graphite electrode working electrodes, Ag|AgCl|KClar) as a
reference electrode and platinum as an auxiliary electrode. All the
measurements were automated and controlled through the program-
ming capacity of the apparatus. Argon was used for the removal of
dissolved oxygen from the measured solutions. A centrifuge HERMLE
Z 323 K (Gosheim, Germany) was used to centrifuge urine samples.
Examined urine samples were carried through solid-phase extraction
(SPE) on ]J.T. Baker System with using Bakerbond NH, (amino, 3 mL
volume containing 500 mg of sorbent — Type 7088-03) columns
(Deventer, Netherlands). The pH of the buffered solutions was
measured by an ELMETRON (Zabrze, Poland), Model CP-401 pH
meter using a combined glass electrode.

2.4. Buffers and solutions preparation

Stocks Britton-Robinson (BR) buffer solutions (at pH 2.4, 4.5 and
7.0) were prepared by mixing 3.1, 7.5 and 13.1 mL, respectively 200 pM
NaOH solution with 25 mL of a mixed acid that contains 40 uM of each
of o-boric, o-phosphoric and acetic acids (H3BO3-H3COOH-H3PO,).
Phosphate buffer at pH 6.81 was prepared by mixing 25 mL 67 pM
KH,PO4 solutions with 25 mL 67 pM Na,HPO,4 solution.

All chemicals used were of analytical grade and were used without
further purification. The pH of the solutions was adjusted by mixing
buffer components and was verified before each measurement.

2.5. Stock solutions

Separate stock solutions of analysed drugs at concentrations: 6.61,
3.02, 3.00, 2.10 and 2.55 mM for PAR, FUR, DPR, CFZ and DEX,
respectively were prepared in 10 mL volumetric flasks by dissolving
the appropriate amount of reference substance in a mixture of
methanol/water (1/1, v/v). Stock solutions were prepared at the
beginning of the study and were stored at 4 °C. Solutions of lower
concentrations were prepared by dilution of stock solution with water.
All solutions were kept in darkness.

2.6. Standard solutions

Individual standard solutions were obtained by diluting stock
solutions with BR buffer solutions. Mixed standard solutions contain-
ing investigated compounds were prepared by mixing appropriate
amount of individual standard solutions and diluting these mixtures
with BR buffer solutions. The individual and mixed standard solutions
were stable for at least two weeks at 4 °C.

2.7. Optimization of parameters for analysed drugs determination

The potentials of reduction and oxidation cited in this article were
measured relative to the Ag|AgCl|KCl,) electrode. The graphite
working electrode and platinum auxiliary electrode were polished
manually to a mirror finish using an alumina (0.3 um particle sizes)
paste and thoroughly rinsed with purified methanol and deionized
water between measurements. As supporting electrolyte: BR buffers
at pH 2.4, 4.5 and 7.0; BR buffer at pH 2.4 with methanol (1/1, v/v);
100 puM HCl; 100 pM HCLO,4 and mixture 100 pM HCLO4 with methanol
(1/1, v/v) were investigated. In the glass electrochemical cell 10 mL of
analysed sample were placed. In the aim of removal oxygen, the

solution was purged with pure argon for 15 min (and for 30 s before
each measurement). The electrochemical accumulation step was
carried out at the potential of 0 V for PAR, FUR and -0.3 V for DPR,
CFZ and DEX in a stirred solution for 120 s. After equilibrating time of
10 s the voltammetric curve was recorded in the potential range from
0 to +1.3 V for PAR, FUR and from -0.3 to -1.0 V (vs. Ag|AgCl|KCl(sac.))
for DPR, CFZ and DEX. The pulse amplitude height of 0.05 V, width of
pulse 0.1 s and a scan rate of 0.02 V s™! were used for different pulse
voltammetry. After voltammograms samples registration, into elec-
troanalytical cell appropriate amount of individual or mixing standard
solutions were added by means of a micropipette. Each measurement
was repeated three times using fresh sample solution to ensure
reproducibility of the results. All of the electrochemical experiments
were carried out at ambient laboratory temperature (22+2 °C).
Between experiments, the cell was treated with concentrated nitric
(V) acid and then washed with water. PAR, FUR, DPR, CFZ and DEX
were then analysed using the optimized voltammetric procedure.

2.8. Calibration curves for analysed drug

The calibration curve method was applied to quantitative
determination of analysed drugs in model solutions. Calibration
curves for PAR, FUR, DPR, CFZ and DEX were prepared separately
and for a mixture containing both of these drugs. Working standard
solutions, which were used for calibration curves preparation were
prepared by adding to 10 mL of BR buffer at pH 2.4 adequately quantity
of individual or mixing standard solutions. The calibration curves
were measured three times.

2.9. Procedure of urine samples preparations

In order to check, the possibility of applying the proposed methods
for the determination of PAR, FUR, DPR, CFZ and DEX in spiked human
urine samples was also tested. In order to elaboration a procedure of
separation examined drugs from urine, drugs model solutions were
added to urine samples, which do not contain any of examined drugs.
Subsequently analytes were separated by liquid-liquid extraction
(LLE) or SPE from urine and determined by DPV technique. The
standard addition method was applied for the determination of
examined drugs in spiked human urine samples. Urine samples
preparation and extraction methods are described below step by step.

2.9.1. Separation of analysed drugs from urine by SPE

Human urine (4 mL) spiked with suitable amounts of PAR and FUR
solutions were poured into 15 mL poly(propylene) centrifuge tubes.
4 mL of phosphate buffer at pH 6.81 and 4 mL of acetonitrile were
added. The mixture was vortexed for 2 min and centrifuged for 10 min
at 2500 rpm. After centrifuging, the clear supernatant was transferred
on SPE NH; (3 mL, 500 mg) column. Earlier this column was
conditioned by pulling 3 mL of methanol and 3 mL of water. The
column was not allowed to dry. Analytes were eluted by 1 mL of
methanol. Samples which were prepared so, were completed by 10 mL
of BR buffer at pH 2.4 and were subjected measurements.

Samples preparation procedure for analyses of DPR, CFZ and DEX is
the same as in case of determination PAR and FUR, with such
difference that to 1 mL of human urine spiked with suitable amounts
of DPR, CFZ and DEX 1 mL of phosphate buffer at pH 6.81 and 1 mL of
acetonitrile were added.

2.9.2. Separation of par and fur from urine by LLE

In order to separation PAR and FUR from urine single, double and
triple extraction by ethyl acetate was performed. To 4 mL of human
urine spiked with suitable amounts of PAR and FUR solutions 4 mL of
1 M KH,PO4 solution were added, so prepared urine was given
extraction with ethyl acetate. After single extraction urine with
additions of drugs was shaken for 30 min with 8 mL of ethyl acetate.
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By double extraction urine was shaken twice for 4 mL of ethyl acetate,
and by triple extraction three times for 4 mL of ethyl acetate for
15 min. After shaking both of layers were centrifuged for 5 min at
7000 rpm. After centrifugation organic layers were separated and
washed by 8 mL of 100 uM KH,PO4-K,HPO, solution were shaken for
10 min and centrifuged for 5 min at 7000 rpm again. The organic layer
was evaporated to dryness under the stream of nitrogen at room
temperature. The residues were dissolved in 1 mL of methanol,
completed to 10 mL of BR buffer at pH 2.4 and next subjected
measurements.

3. Results and discussion
3.1. Development of DPV method

DPV was used in the voltammetric measurement owing to its good
sensitivity and resolving power. It is well known that DPV is suitable
for the analysis of the drug mixtures of electrochemically active
substances because relatively small difference in peak potentials of the
analytes is needed for their simultaneous determination. The peak
current depends on pH of the medium, concentration and chemical
composition of the buffer solution, and instrumental parameters. We
have studied optimization of the proposed procedure and examined
conditions which could affect the results. The current was measured
and recorded for the sample solution.

As a working electrode for PAR and FUR determination graphite
electrode was used, where analysed drugs were oxidated. As a working
electrode for DPR, CFZ and DEX determination HVIDE was used, where
drugs were reduced. Each voltammogram was recorded three times
using a new drop of Hg. Peak currents were measured with a graphite
electrode at +0.838 and +1.178 V or HMDE at -0.473,-0.681 and -0.906 V
(vs. Ag|AgCl|KClsat)) for PAR, FUR, DPR, CFZ and DEX, respectively.

BR buffer solutions at different pH values were used as supporting
electrolytes. The best supporting electrolyte for determination all of
drugs proved BR buffer at pH 2.4 because peaks potentials deriving
from each drugs in this buffer let determine PAR and FUR nearby on
graphite electrode and DPR, CFZ and DEX on HMDE. When BR buffer at
pH 2.4 was used, the peaks of PAR, FUR, DPR, CFZ and DEX were all
well defined. The highest difference in peak potentials for the analysed
drugs was found in BR buffer at pH 2.4.

Peaks potential of analysed drugs moved into direction of more
positive potentials, with the growth of supporting electrolyte acidity.
For the lowest value of pH the highest peaks were observed at

2.00f
I
<
o
= 100} , /
A R j// \J

0.256 0.50 0.75 1.00
E/V (vs. AgIAGCIKClicar))

Fig. 2. Differential pulse voltammograms obtained for determination of PAR (from a to e:
6.61,19.85, 33.08, 46.30 and 59.54 M) and FUR (from a’ to e’: 6.05, 18.14, 30.24, 42.33 and
48.38 uM) in BR buffer at pH 2.4 on graphite electrode. Pulse height 0.05 V, pulse width
0.1 s, scan rate 0.02 V s~/, initial potential 0 V, final potential +1.3 V (vs. Ag|AgCl|KCl(sat))-

400

1.00

040 050 060 070 080 1050
E/V (vs. AGIAGCIKClsat))

Fig. 3. Differential pulse voltammograms obtained for determination of DPR (from a to
d: 12.00, 18.00, 30.00 and 42.00 uM), CFZ (from a’ to d’: 4.20,12.59, 20.99 and 25.18 uM)
and DEX (from a” to d”": 1.27, 2.55, 3.82 and 5.10 pM) in BR buffer at pH 2.4 on HMDE.
Pulse height 0.05 V, pulse width 0.1 s, scan rate 0.02 V s™, initial potential -0.3 V, final
potential -1.0 V (vs. Ag|AgCI|KCl(sa.)).

voltammograms. Representative voltammograms from determination
of analysed drugs in BR buffer at pH 2.4 are presented in Figs. 2 and 3.

Validation of analytical procedure determination of analysed drugs was
performed. All these determinations were performed in triplicate. Drugs
identification was performed according to peaks potential by comparison
with standard solutions, and by the standard addition method.

3.2. Calibration curves and linearity

For quantitative analysis of selected drugs in human urine samples
after extraction procedures standard addition methods were used. The
calibration curves were measured in triplicate and evaluated by the
least squares linear regression method. Calibration curves and ranges
of determinations for analysed drugs in model solutions presented in
y=ax+b equation, where “a” is the slope, “b” is the intercept, “y”
indicates intensity of current (A) and “x” concentrations (uM) of
analysed drugs. Presence of others drugs influenced on quantity of
peak current. It may be observed at calibration curves determined for
individual drugs and mixture drugs. The calibrations were linear for
PAR, FUR, DPR, CFZ and DEX in the concentration ranges of 6.61-66.10,
6.05-54.42, 6.00-65.00, 4.20-33.58 and 0.51-3.06 pM, respectively.
The high correlation coefficients (%) of the all calibration curves were
between 0.9974 and 0.9990. The calibration curves show linear
response over the whole range of concentration used in the assay
procedure. The equations associated with the calibration are summar-
ized in Table 2.

3.3. Analytes recoveries

Because other components of the matrix of the human urine
samples may interfere with the analysis, potential effects from matrix

Table 2
Analytical parameters of calibration curves of all examined compounds in model
solutions (n=6)

Drug Linear range (uM) a® bP e LODY (uM)  LOQE (uM)
PAR 6.61-66.10 4.1068 41852 0.9990 212 6.28
FUR 6.05-54.42 1.3343 6.2360 0.9983 2.57 5.74
DPR  6.00-65.00 5.8854 -4.5808 09974 2.37 5.85
CFz 4.20-33.58 2.6884 26.631 09975 1.72 420
DEX  0.51-3.06 53.2981 8.7173 09985 0.20 0.53

3Slope, "intercept, ‘correlation coefficient, “limit of detection, ¢limit of quantification.
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Table 3

Results of recoveries examination for PAR and FUR from urine samples (n=3)

Method of ~ Concentration Concentration S.D.* CV.” sx¢ L9 Recovery

sample added (uM)  found (uM)  (uM) (%) (M) (M) (%)

preparation

PAR

SPE 26.46 24.81 0.63 254 036 2481 93.76
1.56

Single LLE ~ 52.92 42.53 104 244 060 4253+ 80.37
2.58

Double LLE  52.92 48.29 122 253 070 4829+ 91.25
3.03

Triple LLE 52.92 48.75 148 3.04 085 4875+ 9212
3.68

FUR

Single LLE ~ 30.24 2513 0.53 211 031 2513+ 83.10
132

Double LLE  30.24 28.40 063 222 036 2840+ 93.92
1.57

Triple LLE  30.24 28.58 074 259 043 28.58+ 9451
1.84

3Standard deviation of concentrations found, Pcoefficient of variation of concentrations
found, “standard deviation of the mean, Yconfidence interval (o=0.05, t=4.303).

components must be investigated. Recoveries of analysed drugs
during their separation from urine were analysed. Extraction experi-
ments were first performed using standard solutions, and then the
procedure was checked with human urine samples. The determina-
tion of the recovery rates was carried out from spiked human drug-
free urine samples. The absolute recovery was calculated for each
analyte. Obtained recovery results of spiked human urine samples
were given in Tables 3 and 4.

3.4. Limits of detection and quantification

The limits of detection (LOD) and limits of quantification (LOQ) for
determination of analysed drugs in model solutions were calculated
on the peak current using following equations: LOD=3S.D./a and
LOQ=10S.D./a, where “S.D.” is the standard deviation of the peak
currents and “a” is the slope of the related calibration equation. The
LOD and LOQ values are summarized in Table 2. Both LOD and LOQ
values confirmed the sensitivity of the proposed methods.

3.5. Application of the method to urine samples

The developed DPV methods for the selected drugs determination
were applied to spiked human urine samples. Conditions of PAR, FUR,
DPR, CFZ and DEX determination in urine were elaborated. Methods of
urine samples for analysis preparation in order to remove matrix
effect were elaborated and optimized. For urine samples containing
DPR, CFZ and DEX extraction method — SPE was suggested, which
results could suppose, that application of this procedure for analysis of
samples coming from patients could be possible. Preparation
procedure of urine samples containing DPR, CFZ and DEX by SPE
method gave good results and recoveries of these drugs from urine
were found as 91.00, 94.19 and 96.08%, respectively.

Table 4
Results of recoveries examination for DPR, CFZ and DEX from urine samples by SPE
method (n=3)

Drug Concentration Concentration S.D2 CV.° Sx¢ L4 (um) Recovery
added (uM) found (uM) (M) (%) (uM) (%)

DPR 30.00 27.30 0.88 322 051 2730+2.17 91.00

CFZ  20.99 19.77 054 273 031 19.77+134 94.19

DEX  2.04 1.96 0.08 4.08 005 196+0.20 96.08

3Standard deviation of concentrations found, °coefficient of variation of concentrations
found, “standard deviation of the mean, “confidence interval (o=0.05, t=4.303).

1/710° A

E/V (vs. Ag|AQCI[KClisar))

Fig. 4. Differential pulse voltammograms obtained for determination of PAR (froma to f:
6.61,19.85, 33.08, 46.30, 59.54 and 72.77 uM) and FUR (from a’ to f: 6.05, 18.14, 30.24,
42.33,48.38 and 54.42 uM) in spiked urine sample after double LLE with ethyl acetate, in
mixture of BR buffer at pH 2.4/methanol (9/1, v/v) on graphite electrode. Pulse height
0.05 V, pulse width 0.1 s, scan rate 0.02 V s™', initial potential 0 V, final potential +1.3 V
(vs. Ag|AgCI|KCl(sa,))-

For urine samples containing PAR and FUR two methods of analysis
sample preparation were proposed. The first method is SPE, which is
suitable for preparation of samples containing PAR. The mean
recovery of PAR from urine samples by this method was 93.76%. It
could not be used for quantitative FUR analysis in view of too high
influence of matrix; it could be used for qualitative analysis of this
drug.

The second is ethyl acetate extraction method. Though literature [9]
recommend single extraction at drugs separation, so that after making
measurements, after single, double and triple extraction proved that the
most proper is double extraction, which gives greater analytes recovery
than single. Triple extraction does not increase meaning analytes
recovery, the uncertainty of the result increases, what could be caused
greater amount of sample preparation steps, faults are made, which
influence on quantity uncertainty of determination. The mean
recoveries of PAR and FUR after double ethyl acetate extraction were
found as 91.25 and 93.92%, respectively. Receiving results are average of
three measurements parallel prepared samples. The results of these

5.00

-0.140 -0.50 -0 :60 -D‘:‘?O -0.80 -IJ.;QIJ
E/V (vs. Ag|AgCI|KCligat)}

Fig. 5. Differential pulse voltammograms obtained for determination of DPR (from a to d:
12.00, 24.00, 42.00 and 54.00 pM), CFZ (from a’ to d’: 2.10, 4.20, 12.59 and 20.99 uM) and
DEX (from a” to d”: 1.27, 2.55, 5.10 and 7.64 M) in spiked urine sample after SPE, in
mixture of BR buffer at pH 2.4/methanol (9/1, v/v) on HMDE. Pulse height 0.05 V, pulse
width 01 s, scan rate 0.02 V s™', initial potential -0.300 V, final potential =1.0 V (vs. Ag|
AgClIKCl(sat_)).
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analyses (recoveries, standard deviations, coefficients of variation,
standard deviations of the mean and confidence intervals) are
summarized in Tables 3 and 4. The results proved that the proposed
method had acceptable recoveries. The data proved the suitability of LLE
or SPE procedure for the extraction of investigated compounds from
human urine samples. Representative voltammograms of urine samples
analysis are presented in Figs. 4 and 5.

3.6. Specificity

Sometimes voltammetric techniques can pose difficulties in the
analysis of biological fluids, which contain reducing or oxidizing
substances. No interfering peaks were observed near the peak
potentials of examined drugs in six human urine samples after LLE
or SPE (Figs. 4 and 5). The specificity of the method for the analysis of
human urine samples was evaluated by the determination of selected
drugs in spiked human urine with satisfactory results.

4. Conclusion

A new elaborated DPV method and sample preparation procedures
let determine PAR with FUR as well as DPR with CFZ and DEX nearby in
model solutions, also apply them for urine samples analysis. The
analytical method presented in the study may help to understand the
underlying processes of with drug excretion when therapeutic goals are
not being achieved. It should accent, that analysed drugs are
determined simultaneously only by HPLC method [14] and DPV method
was applied until now only for determination of some of these drugs
individually. This method may be considered as a suitable alternative to
the existing chromatographic methods. Finally the methods were not
time-consuming and less expensive than the HPLC one.

The proposed methods were successfully applied to the determina-
tion these five selected drugs in model solutions and spiked urine
samples, and in general, satisfactory results were obtained. A satisfactory
separation of all investigated analytes from biological endogenous
components in human urine was obtained. Preparation of the sample
was easy and the method is not time-consuming and cheap. Therefore
this quick and simple analytical procedure is of good applicability and
can be introduced to determination of drugs in model solutions and
spiked human urine samples.
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good agreement between calculated permeability coefficients and data available in the literature is obtained.
We suggest that elastic scattering cross section measurements for ions in various membranes would be
valuable not only because they give a precise idea about the permeability ratios between ions but they also
determine the form of the potential the ions are moving in.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In a preceding paper [1], the one-dimensional (1D) finite square
potential well was used to calculate the transmission coefficients
Tecaic for some permeant neutral molecules crossing the human red
blood cell (HRBC) and the resting axolemma squid axon mem-
branes. Good agreement between T, and the experimental values
Texp Was obtained. In the present work, the simplest three-dimen-
sional (3D) spherically symmetric square potential well has been
used for calculating elastic scattering cross sections o and perme-
ability coefficients P of permeant monovalent ions crossing these
membranes. The ions treated here are HCO3, Li*, Cs*, CI", NHj, K",
Na" and Rb" for the HRBC. For the resting axolemma squid axon, K",
Rb*, CI7, Na* and NH} ions are considered. Due to the relatively sim-
ple approach used, the calculations of P for these ions can be consid-
ered in excellent agreement with the data available in the literature
[2-13].

In contrast to classical physics, a distinctive feature of quantum
mechanics (QM) is the existence of discrete bound states. They appear
whenever a particle moves in a potential lower than its surroundings.
This potential serves to attract particles [14] and hence properties
such as transmission T, reflection (1-T), 0, and P have a physical

* Corresponding author. Tel./fax: +33 388 60 66 94.
E-mail address: sabry.elkomoss@laposte.net (S.G. Elkomoss).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.03.002

meaning and it should be possible to measure them. For instance, if
one could measure o for ions crossing various membranes, it should
be possible to determine the potential these ions are moving in. This
way a new line of research would be opened.

2. Calculations
2.1. The 3D spherically symmetric potential well

The Schrodinger equation describing the motion of a particle of
mass m and energy E in a potential V which is a function of radius
r can be solved exactly or approximately in terms of a spherically
symmetric potential of various shapes. An example of one such
potential is given in Fig. 1 with a finite depth V(r)=-V, for r<a, and
V(r)=0 for r>a, where Vy is positive, has been treated in many
books [14-26]. A brief description of the analysis used in the pres-
ent work is given in Appendix A. There, Egs. (A.2) and (A.3) show
that the calculations depend on m, the depth of the potential V,
and r=a, which is taken as the thickness of the membrane, and
the angular momentum quantum number /. For the time being we
will be interested in the case ~ =0 with the scattering center at the
origin.

2.2. Bound states

Matching the two solutions (A.4) and (A.5) of the Schrodinger
equation (cf. Appendix A) and their first derivatives at r=a, one gets
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V(r) ry

Region I Region II

Vo

a

Fig. 1. Representation of the spherically symmetric square well potential of depth V,
and radius a.

Eq. (1) that determines the eigenvalues |E| of the bound states inside
the well for ~=0:

cot ad = —f3/a (1)
where
o? =2m(Vy — |E|)/h% and p? = 2m|E|/h2. )

Eq. (1) is the same as that obtained for the odd parity of Eq. (8) for
the 1D finite square potential well model of width 2a calculated in [1].
Eq. (1) (this work) as well as Eq. (8) in [1] have been solved graphically
by different authors [20-22]. Instead of approximate graphical so-
lutions, we have solved these equations numerically such that the
difference between the left- and right-hand sides is less than 1077, As a
matter of fact, for the case ~ =0, the 1D and 3D square potential wells
are almost identical except that in the former the domain x is - to +e
in place of 0<r<+e and that the wave function Ry is replaced by x(r)=
Ro(r)/r. It is worth mentioning that in the 1D potential well one
calculates the transmission coefficients T that vary between 0.0 and
1.0 [1], while the scattering cross sections are obtained with the 3D
potential well used in this paper.

2.3. Phase shifts 6o and the elastic scattering cross section oy for /=0

As in Section 2.2., taking ~=0 with E=-|E| and matching the two
solutions of the Schrodinger equation and their first derivatives be-
tween the regions I and II of Fig. 1 at r=g, the phase shifts &, are given
by the expression:

tan dg = [(k/x)(tan xa) — (tan ka)]/[1 + (k/x)(tan ka)(tan xa)] (3)
where
k2 =2m(Vo + E)/h? and k? = 2mE/h2. (4)

Eq. (3) is a multivalued function for which we will consider
only the case m/2<8y<m, where there is at least one s (~=0) bound
state [14,19,23].The partial scattering cross section for ~'=0 is given
by:

00 = 4nk~? sin?dy. (35)

More generally, the cross section o, is given by:
o, = 4n(2/ + 1)k 2 sin5,. (6)

Then the total cross section can be written as:

Ot = 4n Z(z/ + 1)’(;2 sin®,. (7
/=0

Since 1947 much work has been done on the inverse problem of the
determination of the scattering potential from reflection coefficients and
from phase shifts 6 for =0 or other ~ values [27-33]. However, there is
a question of how much a small change in the scattering potential Vj
changes E and 0p. An answer for the HRBC membrane is given in Table 2
of Section 3.1. showing that for K" an infinitesimal change of V, indeed
produces a change in |E| and 6o, and consequently oy changes.

2.4. Permeability coefficient P

InEqgs.(3)and(1)in[1], the Tand (1-T) coefficients are given by the
transmission and reflection amplitudes |A/D|? and |F/D|?. In the 3D case
it has been shown that the differential elastic scattering cross section is
related directly to the scattering amplitude [19], i.e. (1-T) and to the
phase shifts. This means that as 0 increases, (1-T) also increases
and therefore P decreases. We can then conclude that P is inversely
proportional to 0y. In other words, the product Pog=constant, which
as we shall see, seems to be a plausible assumption. Thus having cal-
culated oy for different ions and knowing P for one specific ion from
the literature, we can determine P for any other ion. In addition, one
can expect from the calculations of Pin the 3D case and Tin the 1D case
that the change of P for different ions in various membranes occurs in
the same direction as that of T for the corresponding ions in the same
membranes, which agrees with [34]. Some of these calculations will be
given in Section 3.1. It has to be mentioned that throughout this paper
we have used the notation o to represent the scattering cross section
and not the reflection coefficient as is usually the case in the literature.

3. Results and discussion
3.1. Human red blood cell membrane

For this membrane the values of Vo=-14.06 mV and a=5 nm are
the values that give the best agreement of 0y and P with the available
experimental data. Taking the value of Px,=1.7x10"'? m/s from [2] as
reference and applying the simple relation as explained in Section 2.4.,
ie,

Px+/PK+ = 00K+/JOX+ (8)

where Py, is the permeability of the ion X* to be determined. In this
way values of P for the different ions can be obtained. In Table 1 the

Table 1
Values of |E|, 89, O, Peaic and Py for the ions HCO3, Li*, Cs*, CI7, NHj, K*, Na" and Rb*
with Vp=-14.06 mV and a=5 nm in the human red blood cell membrane

lon |E|(mV) do 0o (m?) Peaic (m/s) Pres (m/s)
HCO3 7.762 148.538 1511x107%2 1.630x107 "

Li* 11.227 156.804 5.230x10"%2 4.710x10™ 12

Cs* 2.197 124.381 6.126%x10722 4.021x107"?

cr 3.753 125.725 1301x107%' 1.893x10 2

NH} 3.406 145.775 1.352x10" %! 1.822x107 2

K* 4.607 94,592 14491072 1.7x10712 1.7x10712[2]
Na* 5.391 158.173 1579x107%! 1.560x10" "2 11x107"[3]
Rb* 0.437 134.582 2.959x1072! 0.832x107"2
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calculated values of |E|, 69, Oy, Pcaic and Pyer are given in decreasing
order of P for the permeant ions HCO3, Li*, Cs*, CI", NHj, K", Na* and
Rb*. Table 1 shows that there is an excellent agreement between the
calculated and experimentally obtained values of P. For instance, in [3]
the Pg. is estimated to be of the order of 10" ' m/s and the maximum
value of Pyas is 1.1x107'2 m/s. One should notice that Pycos- is at least
one order of magnitude greater than Pg. or Py,.. Furthermore, Py,+ is
smaller than Pg. or Pc-. More generally, the membrane selectivity for
the ions considered here can be given as:

HCO3>Li*>Cs™>Cl">NH; >K*>Na">Rb". 9)

Finally, the permeability obtained in the 3D model (Table 1) for
HCO3, K" and Na* decreases in order like T for the corresponding ions
calculated in the 1D model of [1], which are 0.987, 0.498 and 0.413,
respectively, with Vo=-14 mV, and a=5 nm. This confirms what was
stated in Section 2.4. The values of Table 1 are self-consistent, that
means, knowing the calculated values of 0p and taking the perme-
ability of any ion among those in Table 1 as reference, one can get P
for the other ions by using Eq. (8). Calculations are also carried out
for Vp=-10, -14, -14.05 and -14.06 mV with a=5 nm. In Table 2 the
values of Vy, |E|, 60 and oy for these different values of V, are given for
K*. This table shows that a small decrease in the absolute value of V,
leads to a decrease in |E|, an increase in 6y and consequently a change
in 0p. The values for oy in Table 2, which differ from 0p=1.449x1072!
m? obtained for K* with Vo=-14.06 mV and a=5 nm, fit less well with
the values given in the literature as has been mentioned in Section 3.1.

It should be mentioned again that the calculated HRBC mem-
brane permeability for different ions (Table 1) is based on the
experimentally obtained permeability for K" under conditions where
nearly all known specific ion transport pathways involving K* are
inhibited or silent. The only still active specific ion transport pathway
for K" is the K*(Na")/H" exchanger [2]. Therefore, the calculated
permeability coefficients reflect values closely related to the ground
state HRBC membrane permeability for these ions. The experimen-
tally estimated HRBC membrane permeability for CI” and other
monovalent anions is several orders of magnitude higher because of
the fast permeability of these ions via the anion exchanger (band 3
protein). The anion exchange and net permeability of the HRBC
membrane is of the order of 107> m/s and 10™° m/s, respectively.
Therefore the values of the calculated anion permeabilities (this
paper) cannot be compared with these high permeability
coefficients.

3.2. Resting axolemma squid axon membrane

The experiments of Steinbach [7] and Steinbach and Spiegelman
[8] suggested that the squid axon is permeable to CI~, Na* and K. In
[9,10] the non-excised resting membrane is assumed to be permeable
to K and possibly Cl™ ions, but is only poorly permeable to Na*. Data
obtained indicate that Pc- is larger than Py,. [9-12]. However, while
the permeability of Na* is smaller than that of K%, it is not negligible
[10]. The ratio Pa+/Px+ as determined by different investigators,
ranges between 0.04 and 0.10 [10-13] and the ratios K*/Na*/Cl” given

Table 2
Variation of |E|, 5o and 0y for an infinitesimal change in Vo with a=5 nm for K* crossing
the human red blood cell membrane

~Vo (mV) |E|(mV) 8o 0o (m?)

10 1.007 142,174 2.508x1072!
14 4551 95,502 1.315x1072!
14.05 4597 94.737 1.479x1072!
14.06 4607 94,592 1.449x 10721

Table 3
Calculated |E|, 6o, O, Pcaic, Prer and Peyic/Prer for some permeant ions crossing the
axolemma squid axon membrane with Vo=-60 mV and a=8 nm

lon |E|(mv) 0o Oo (mZ) Pcaic (m/S) Prer (m/S) Pcalc/Pref
K 2580  173.038 0383x10°22  1.8x10°® 18x1078[9] 1

Rb* 2.430 157517  1.849x10722  3.724x107° 0.207
a 4.860 157509 2231x107%*  3.088x107° 0.172
Na* 8.093 156.192  2.300x107%?  2.994x107° 0.166
NH; 51929) 105735 2275x107?'  3.028x1071° 0.017

by others are 1/0.04/0.45 [9]. In this case, taking the only available
value Px,=1.8x10"8 m/s [9], Pna+ would be in the range of 0.72x107°
to 1.8x107° m/s and for the same permeability ratios 1/0.04/0.45, the
Pc-=8.1%10"° my/s. In the present paper, values of Vo=-60 mV and
a=8 nm are used for the calculations of 0g and P. Taking as refer-
ence Px.=1.8%x10"% m/s [9] and following the same procedure as in
Section 3.1., one gets the calculated values of 0y and P for the ions K",
Rb*, CI", Na" and NH}, presented in Table 3, in decreasing order of P.
This table indicates that the membrane selectivity for the ions con-
sidered can be given as:

K*>Rb*>CI">Na*>NH;" (10)

which agrees with most of the references given above for this mem-
brane. The calculated permeabilities also agree with literature data,
although a better agreement could be obtained by varying V, and a
as mentioned in Section 3.1.

4. Conclusion

The inequalities (9) and (10) show that the membrane selectivity
for the same ions differs from one membrane to another. For example,
the selectivity for K is greater than for CI” in the resting axolemma
squid membrane, whereas it is the inverse in the HRBC membrane.
Eq. (8) shows that the relative permeability is equivalent to the inverse
of the relative elastic scattering cross sections. In this case, the in-
equalities (9) and (10) can also be obtained from calculated values
of 0p. The good agreement between our calculated results and the
data available in the literature is in favor of the plausible assump-
tion of Eq. (8). Finally, carrying out measurements of the cross sec-
tions, applying the simple treatment developed in this paper and
taking into account the phase shifts that correspond to ~=1 and 2,
more valuable information for ions in various membranes could be
obtained.
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Appendix A

It is impossible to obtain 3D analytical solutions of the Schrédinger
equation for a spherically symmetric potential unless it can be sepa-
rated into total differential equations in each of the three space coor-
dinates (r, ©, ). When separable, the wave function ¥(r, ©, @) can be
written:

U(r,0,®) =Ro(r)Y(O,®)/r (A.1)
where X =Ry(r)/r is the radial wave function solution for the particle
moving in the attractive scattering potential V(r), which falls off more
rapidly than r~2 for large r. This restriction rules out scattering by the
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Coulomb potential [23]. The radial Schrédinger equation for the two
regions I and II of Fig. 1 can be written in the following forms:

(d%y/dr?) + [o2 =22 +1)/1*]7(r) =0 forr<a (A.2)
(d2y/dr?) — [;# +C+1) /rz] 2 =0 forr=a A3)

where o? and $3? are given in Eq. (2) of the text. The solutions of
Egs. (A.2) and (A.3) for ~=0 are:

7(r) =A sin ar for r<a (A4)

2(r) =Be " for r>a. (A5)

The boundary conditions at r=a, where Egs. (A.4) and (A.5) and
their first derivatives have to match, give Eq. (1) of the text that
determines the eigenvalues |E| of the bound states inside of the po-
tential well for ~=0.

Appendix B

With E=-|E| and ~ =0, the solutions of Egs. (A.2) and (A.3) are
given by:

7(r) = C sin (kr) for r<a (B.1)

%(r) = D sin (kr + o) for r>a (B.2)
where k? and k? are given by Eq. (4) of Section 2.3 of the text and &y is
the phase shift for ~=0. The boundary conditions of Eqs. (B.1) and
(B.2) at r=a determine &y, reported by different authors [14, 22], by
the expression:

dg = tan 1 ((k/x) tan xa) — ka. (B.3)

Eq. (B.3) can also be written in the form of Eq. (3) of Section 2.3. of
the text. Both Egs. (B.3) and (3) are multivalued functions.
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Abstract

A sensitive and selective electrochemical method for the determination of dopamine using an Evans Blue polymer film modified on glassy
carbon electrode was developed. The Evans blue polymer film modified electrode shows excellent electrocatalytic activity toward the oxidation of
dopamine in phosphate buffer solution (pH 4.5). The linear range of 1.0x 10 °~3.0x 10~ > M and detection limit of 2.5x 10”7 M were observed in
pH 4.5 phosphate buffer solutions. The interference studies showed that the modified electrode exhibits excellent selectivity in the presence of
large excess of ascorbic acid and uric acid. The separation of the oxidation peak potentials for dopamine—ascorbic acid and dopamine—uric acid
were about 182 mV and 180 mV, respectively. The differences are large enough to determine AA, DA and UA individually and simultaneously.
This work provides a simple and easy approach to selectively detect dopamine in the presence of ascorbic acid and uric acid in physiological

samples.
© 2008 Published by Elsevier B.V.

Keywords: Poly (Evans blue) modified electrode; Electrocatalysis; Dopamine; Uric acid; Ascorbic acid

1. Introduction

Dopamine (DA) is an important neurotransmitter molecule
of catecholamines which is widely distributed in the mamma-
lian central nervous system for message transfer. Low levels of
DA are related to neurological disorders such as Parkinson’s
disease, schizophrenia [1-3] and to HIV infection [2,4]. Uric
acid (UA) is the primary end product of purine metabolism.
Abnormal levels of UA are symptoms of several diseases such
as hyperuricaemia, gout and Lesch—Nyan disease [5]. AA is the
agent which prevents scurvy and is known to take part in several
biological reactions. DA, UA and AA usually coexist in phy-
siological samples, but there has an overlapping oxidation
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potential on the solid electrodes. Therefore it is essential to
develop simple and rapid methods for their determination in
routine analysis. Among many methods for determination of
UA, DA and AA in biological samples, voltammetric method
has shown to be a powerful tool.

It is generally believed that direct redox reactions of these
species at bare electrodes are irreversible and high overpotentials
are usually required for their amperometric detections [6].
Moreover, the direct redox reactions of these species at the bare
electrodes take place at very similar potentials and often suffer
from a pronounced fouling effect, which results in rather poor
selectivity and reproducibility. The ability to determine DA, UA
and AA selectively has been a major goal of electroanalytical
researches[7]. Various approaches have been attempted to solve
the problems encountering in simultaneous determination of DA,
UA and AA [8-15]. For example, MWNTs-ionic liquid gel
modified electrodes have been proposed to detect DA in the
presence of ascorbic acid and uric acid with satisfactory results.
The current peaks corresponding to these three species were
separated by ca. 200 and 150 mV, respectively [12]. Gao and
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Huang reported a remarkable improvement in square wave
voltammetric responses of UA, DA and AA and a noticeable
enhancement of voltammetric sensitivity was observed at the
polypyrrole-tetradecyl sulfate (PPy-TDS) film modified gold
electrode. In this case, voltammetric peaks were separated by
about 150 mV from each other [15].

Polymer-modified electrodes prepared by electropolymeriza-
tion have received extensive interest in the detection of analytes
because of its high selectivity, sensitivity and homogeneity in
electrochemical deposition, strong adherence to electrode surface
and chemical stability of the films [16,17]. Protiva Rain Roy et al.
[18] has reported Simultaneous electroanalysis of dopamine and
ascorbic acid using poly-(V,N-dimethylaniline) modified elec-
trode. Milczarek and Ciszewski reported an electrode modifica-
tion with polymeric film of 2,2-bis(3-Amino-4-hydroxyphenyl)
hexafluoropropane and studied the electrocatalytic activities
toward the oxidation of DA, UA and AA [19].

We have employed poly (cresol red) [20] and poly
(Bromophenol Blue) [21] modified electrodes to detect DA
and AA. In this work, we report for the first time a polymer film
of Evans Blue (Scheme 1) modified glassy carbon electrode and
describe electrochemical behavior of DA, AA and UA. Based
on the different electrocatalytic activities of the modified
electrode toward these species, a sensitive and selective method
for simultaneous determination of DA and UA in the presence
of AA was set up for routine analysis.

2. Experimental
2.1. Chemicals

Evans Blue was purchased from Shanghai Chemical Reagents
Company (China). Dopamine and uric acid were obtained from
Fluka (Switzerland). L-Ascorbic acid was from Beijing Chemical
Factory (China). All reagents were of analytical grade and used
without any further purification. Phosphate buffer solutions (PBS)
were prepared by mixing the stock solutions of 0.05 M NaCl and
0.05 M NaH,PO4-Na,HPO,, and then adjusting the pH with
0.05 M H3PO,4 0r 0.05 M NaOH. All solutions were prepared with
double-distilled water. A pH 13 aqueous Evans Blue solution,
adjusted with 1.0 M NaOH solution, was used for electrochemical
polymerization on the glassy carbon electrode.

2.2. Apparatus
CHI 660B Electrochemical Workstation (Shanghai CH In-

struments, China) was used for electrochemical measurements.
A conventional three-electrode system was used throughout the

SOzNa

NH;  OH OH NH;
NaO SSNNQ(CH Q)ZQN—NSO sNa
CHg CHs

experiments. The working electrode was a bare or a poly-Evans
Blue modified glassy carbon electrode (3.0 mm in diameter,
GCE), the auxiliary electrode was a platinum wire and an Ag/
AgCl electrode was used as reference. All potentials mentioned in
this paper refer to this reference electrode.

2.3. Preparation of poly-Evans Blue modified glassy carbon
electrode

Before modification, the GCE was polished with 0.3 and
0.05 pm alumina slurries, thoroughly rinsed with water and
sonicated in distilled water, ethanol and distilled water in turn.
Then it was electrochemically activated by using cyclic po-
tential sweep in the range of —0.2 and 1.8 Vin PBS (pH 9) at a
scan rate of 100 mV s~ ! for 40 times. The modified electrode
was fabricated in 1 mM Evans Blue using the same conditions as
in the electrode activation procedure. After electropolymeriza-
tion, the modified electrode was rinsed thoroughly with distilled
water.

3. Results and discussion

3.1. Electrochemical properties of poly-Evans Blue film modified
GCE

Before modification, the electrode activated showed a pair of
redox peak with a formal potential of 0.26 V (the CV graph is not
shown) in 0.1 M H,SOy,, which resulted from the intrinsic surface
chemistry of electrode carbon. After modification with Evans
Blue, the electrode still showed a pair of redox peak. But the redox
couple shifted positively with a formal potential of 0.34 V and,
comparing to the unmodified electrode, the peak currents were
also increased drastically, which indicated that poly-Evans blue
film was indeed formed on the surface of GCE. In general, the
electropolymerization process of Evans Blue film in solution is
similar to those of a few azo compounds reported in references
[22,23]. According to the reported works, the polymerization
reaction could be suggested as follows: (1) —NH, groups of Evans
Blue were first oxidized to ~NH&z.rad; free radicals; (2) the two
free radicals combined together rapidly to hydrazobenzene
sulfonic acid; (3) then hydrazobenzene sulfonic acid was oxidized
to azobenzene sulfonic acid, and azobenzene sulfonic acid was
reduced to hydrazobenzene sulfonic acid.

Fig. 1A shows that the poly-Evans Blue film on the glassy
carbon electrode had a chemically reversible redox couple in
0.1 M H,SOy solution and the peak currents were increased due
to the cyclic voltammetric scan rate. As shown in Fig. 1B, /,,
was linearly dependent on scan rate. And the ratio of the anodic

S03Na

Scheme 1. Structure of Evans blue.
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Fig. 1. (A) Cyclic voltammograms of the poly-Evans Blue modified glassy
carbon electrode in 0.1 M H,SO, at various scan rates: (a) 20, (b) 30, (c) 50, (d)
60, (e) 70, (f) 80, (g) 100, (h) 120 mV s~ '. (B) Plots of peak currents vs. scan
rates.

peak current to the cathodic peak current, /,,:,, is almost equal
to unity. These behaviors are consistent with a diffusionless
system, reversible electron transfer process at low scan rates
[24]. Literatures have reported the electrochemical reaction
mechanisms of some azo compounds film modified electrodes
involving in a double electron transfer process [22,23]. So, it
suggested that the poly-Evans Blue film modified electrode
reaction could be a double electron transfer process (2=2). An
approximate estimate of the surface coverage of the electrode
was made by adopting the method used by Sharp et al. [25].
According to this method, the peak current is related to
the surface concentration of electroactive species, I, by the
equation:1p=n2F2AFv/ 4RTWhere n represents the number of
electrons involved in the reaction, 4 is the surface area of
the electrode, I" (mol cm™ ?) is the surface coverage and other
symbols have their usual meanings. From the slope of anodic
peak currents versus scan rate (Fig. 1B) the calculated surface
concentration of Evans Blue is 1.3x10™'® mol cm™? for n=2.

The effect of pH values of the supporting solution on the
electrochemical behavior of poly-Evans Blue modified electrode
was also studied. Higher pH value made anodic peak potential
shift negatively. The plot of peak potential versus pH value
showed linearity in the pH value range of 2—8.5 with a slope of
—57.6mV pH™'. These implied that the ratio of the participated
protons to the transferred electrons through the poly-Evans Blue
film is 1:1.This result indicates that the redox process was
confined to the polymer modified surface of the electrode,
further confirming the immobilized state of the poly-Evans Blue.
According to the previous discussions and references reported
[22,23], it can be suggested that the electrode reaction of poly-
Evans Blue film is a redox process between azo group and
hydroazo groups on the surface of electrode.

3.2. Electrochemistry of single DA, AA and UA at poly-Evans
Blue modified GCE

Fig. 2(A) shows the cyclic voltammograms of DA in a pH
4.5 phosphate buffer solution at a bare GCE (curve a) and a

poly-Evans Blue modified GCE(curve b). As can be seen, at a
bare GCE, DA shows a sluggish and much small CV peak
response. The potentials of anodic and cathodic peaks are
0.520 Vand 0.198 V, respectively. The separation of redox peak
potentials (AE,) is 0.322 V After electropolymerization, the
anodic peak potential shifted negatively to 0.423 V and the
cathodic peak potential shifted positively to 0.395 V, which
results in a well-defined redox wave of DA with a AE, of
28 mV. Further, substantial increases in peak currents were also
observed due to the improvements in the reversibility of the
electron transfer processes. This suggests an efficient oxidation
reaction of DA at the poly-Evans Blue modified GCE.

A

12|

Ip/ pA

-0.3 0.0 0.3 0.6 0.9
E/V vs. Ag/ AgCl

-0.3 0:0 0:3 0:6 0.9
E/Vvs. Ag/AgCl

-0.3 OI.O OI.3 OI.G 0.9
E/Vvs. Ag/AgCl

Fig. 2. CVs of 40 uM DA, 20 pM AA and 10 uM UA at (a) bare GCE (b) poly-
Evans Blue modified GCE in pH 4.5 PBS. Scan rate: 100 mV s~ '
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Scheme 2. Mechanism of DA oxidation at poly-Evans Blue modified GCE.

Fig. 2(B) shows the CVs of AA at a bare (curve a) and the
poly-Evans Blue modified GCE (curve b). At the bare GCE, the
peak was rather broad, indicating a slow electron transfer
kinetic, while at the modified GCE, a sharp oxidation peak at
0.139 V. The 150 mV negative shift and enhanced current of the
anodic peak indicates that the poly-Evans Blue modified GCE
also plays a strong catalytic effect on the AA oxidation.

Fig. 2(C) depicts the oxidation of UA at the poly-Evans Blue
modified GCE (curve b) and bare GCE (curve a). At bare GCE,
the oxidation peak potential appeared at 0.502 V. However, at
polymer film modified electrode, the oxidation peak potential a
little shifted to 0.512 V. It’s also obvious to see enhanced peak
current at the poly-Evans Blue modified GCE, indicating a
strong catalytic effect of the poly-Evans Blue modified layer.

4. Effect of scan rate on the peak current of DA

The effect of scan rate on the anodic peak current of DA was
studied. As the scan rate increased, the oxidation peak current
(/pa) increased. The /,, was proportional to the square root of
scan rate over the range of 20 to 140 mV s~ !, which suggested a
diffusion-controlled process in solution. The linear regression
equation was /,, (LA)=0.770 V2 (mV s~ ')~ 1.421, with a cor-
relation coefficient of 0.9993.

4.1. Effect of pH on the oxidation of DA

The effect of pH on the formal potential and anodic peak
current was investigated by cyclic voltammetry in the solution
containing 40 uM DA. The values of E°’, which was dependent
on the pH value of the buffer solution, show that the redox
couple of the DA includes some proton transfer in the redox
processes. According to the Nernst equation, the slope of
—57.6 mV pH ! reveals that the proportion of the electron and
proton involved in the reaction is 1:1. As DA oxidation is a two-

03 0.0 0.3 0.6 0.9 12
E/Vvs. Ag/AgCl

Fig. 3. (A) Cyclic voltammograms of 40 pM DA at the poly-Evans Blue
modified GCE in pH: (a) 2.10; (b) 3.08; (c) 4.03; (d) 4.50; (e) 5.60; () 6.56; (g)
7.46; (h) 8.50 (B) Plots of peak potentials vs. pH.

electron process, the number of protons involved is also pre-
dicted to be two. Therefore, a mechanism for the DA oxidation
can be proposed in Scheme 2.

The effect of pH on the electrode signal and oxidation po-
tential was investigated by cyclic voltammetry in the solution
containing 40 uM DA (shown in Fig. 3). The E, vs. pH graph
clearly indicates that the catalytic peak shifts to a more negative
potential with increasing pH. From Fig. 3A, it could also be seen
that the current reached a maximum at pH 4.5. The reduction in
currents observed at higher values may correspond to the in-
stability of DA in less acidic conditions.

4.2. Determination of DA,AA and UA
Since differential pulse voltammetry has a much higher cur-

rent sensitivity and better resolution than cyclic voltammetry, it
was used in determination of DA, AA and UA concentration at

A DA

0.0 0.2 0.4 0.6

E/Vvs. AgIA.gCI
25- A AA
B
20
<15-
=
‘_5_10-
5_
D_
-0.3 0.0 0.3 0.6 0.9
°r A UA

Ip/ uA
-3 o
Ipa/pA

0.0 0.3 0.6 0.9

Fig. 4. (A) Differential pulse voltammograms of DA, AA and UA at modified
electrode in pH 4.5 PBS. DA concentration (uM): (a) 1; (b) 9; (c) 15; (d) 20;
(e) 25; (f) 30. AA concentration (uM): (a) 5; (b) 30; (¢) 55; (d) 75; (e) 90; (f) 105.
UA concentration (u1M): (a) 30; (b) 50; (c) 70; (d) 90; (e) 25; (f) 110. (B) The plot
of I, vs. C.
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-0.2 0.0 0:2 0:4 OI.S 0.8
E/Vvs. Ag/ AgCl

12+ D

.2 0.0 0.2 0.4 0.6 0.8

E /Vvs. Ag/AgCl

Fig. 5. (A) Cyclic voltammograms at bare (a), pretreated (b) and poly-Evans
Blue (c) modified GCE (B) Differential pulse voltammograms of poly-Evans

Blue modified GCE. Concentration: 200 uM AA,60 uM DA and 20 pM UA.
1

Scan rate: 100 mV s~ .
the poly -Evans Blue modified electrode and estimating the
lower limit of detection. The oxidation peak currents of DA, AA
and UA were measured in 0.05 M pH 4.5 PBS, and plotted
against the bulk concentration of DA, AA and UA (Fig. 4). The
dependence of peak currents on the concentration of DA, AA
and UA is a linear relationship in the range of 1-10 pM, 5—
105 pM and 30—110 uM. The linear regression equations of DA,
AA and UA can be expressed as /,, (1A)=0.3305C (uM)+5.710
(r=0.9995), I, (nA)=0.1817C (UM)+2.774(r=0.9953),

16 A B

-0.2 0.0 0.2 0.4 0.6 0.8
E /V vs. Ag/AgCl

Fig. 6. Differential pulse voltammograms of poly-Evans Blue modified GCE in
pH 4.5 PBS containing 60 pM DA and 15 uM UA in the presence of different
concentrations of AA. AA concentration (uM): (a) 300; (b) 350; () 410; (d) 450;
(e) 500.

20

16

12
60

Ip/ pA

0.0 0.3 0.6 0.9
E/Vvs. Ag/AgCl

Fig. 7. Differential pulse voltammograms of poly-Evans Blue modified GCE in
pH 4.5 PBS containing 150 uM AA and 12 pM UA in the presence of different
concentrations of DA. DA concentration (LM): (a) 8; (b) 20; (c) 30; (d) 40; (e) 50.

I, (nA)=0.038C (uM)+2.825(r=0.9993) respectively. The
detection limit (S/N=3) is 0.25 pM, 0.3 uM and 2.0 pM. The
relative standard deviations of 10 successive scans are 1.4%,
1.5% and 1.3% for 10 uM DA, 90 pM AA and 200 uM UA. The
reproducibility of five different electrodes has been completed.
The relative standard deviations are 4.6%, 3.5% and 5.1% for
10 pM DA, 90 pM AA and 200 uM, respectively, which
indicate that the poly-Evans Blue modified electrode had an
excellent reproducibility.

4.3. Separation of the electrochemical responses of DA, AA
and UA at the poly-Evans Blue modified electrode

It is well known that the electrochemical detection of DA in
the presence of high levels of AA on untreated carbon-based
electrodes or on ordinary electrodes severely struggle due to the
catalytic oxidation of AA by DA. The ability of the modified
electrode to promote the voltammetric resolution of DA, UA
and AA was investigated. The cyclic voltammetric responses of
a mixture of 200 pM AA, 60 pM DA and 20 uM UA at a bare

A . B
9t HT

6

oL
Ipal pA

6L 5

4
20 30 40 50
C/um

S

0 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
E/Vvs. Ag/AgCI

Ip/ pA

Fig. 8. Differential pulse voltammograms at the poly-Evans Blue modified GCE
in pH 4.5 PBS containing 100 utM AA and 10 pM DA in the presence of
different concentrations of UA. UA concentration (uM): (a) 20; (b) 25; (c) 30;
(d) 35; (e) 40; (f) 45.
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Table 1
Interferences of some foreign substances for 10 pM DA, 100 uM AA, and
10 uM UA

Table 3
Determination of AA in hydrochloride injection solutions (n=5)

Batch no Labeled Spiked (uM) Found (uM) R. S. D. (%) Recovery (%)

Foreign substances Tolerance level (uM) (uUM)

Starch 400 060729  355.0  50.0 406.0 1.9 101
K" Mg*" Ca*" Zn*" 200 060730  355.0  50.0 406.2 1.8 105
Citric acid 100 060732 355.0 50.0 404.8 1.9 99
Cysteine, lysine, glucose 50

GCE, a pretreated GCE and a poly-Evans Blue modified GCE in
pH 4.5 PBS are shown in Fig. 5. Fig. 5A (a) shows the cyclic
voltammogram obtained at the bare GCE. A rather broad
oxidation peak was obtained and the peak potentials of DA and
AA were indistinguishable. It is thus impossible to determine the
individual concentrations of these compound from the merged
voltammetric peak. Fig. SA (b) shows that only the signal of AA
was clearly observed from a mixture of AA and DA at the
pretreated electrode. But as shown in Fig. 5A (c), modification of
GCE surface with poly-Evans Blue film resolved the merged
voltammetric peak into three well-defined voltammetric peaks
at potentials around 0.373 Vand 0.191 V and 0.553 V for DA,
AA and UA, respectively. The separation of the oxidation peak
potentials for AA—-DA, DA—UA and UA—AA are about 182 mV,
180 mV and 362 mV. Fig. 5B shows that there were 204 mV,
160 mVand 364 mV in DPV between DA and AA, DA and UA,
and UA and AA respectively. This separation was large enough
to achieve the simultaneous determination of these three com-
pounds in a homogeneous solution. The good separation in peak
potential for DA, UA and AA could be attributed to the different
adsorption affinity of these compounds on the structure. More
investigation is undergoing in our laboratory.

We carefully examined the oxidation current of DA and UA
at the poly-Evans Blue modified GCE in the presence of
increasing concentration of AA (Fig. 6 A). No obvious change
in the DA and UA oxidation currents was observed while
varying the concentration of AA, and the peak current of AA
increased linearly with increasing AA concentration (300 uM to
500 uM) with a correlation coefficient of 0.9989 (Fig. 6B). Thus
the homogeneous catalytic oxidation of AA by the oxidized DA
is advantageously eliminated at the poly-Evans Blue modified
electrode.

As shown in Fig. 7A, various concentrations of DA in the
presence of 150 uM AA and 12 uM UA exhibit excellent
differential pulse voltammetric responses with the responses to
UA and AA keeping almost constant, indicating that the
responses to DA, AA and UA at the poly-Evans Blue modified
electrode are relatively independent. The peak current of DA
increased linearly with increasing DA concentration (8 pM
to 50 uM) with a correlation coefficient of 0.9970 (Fig. 7B).

Table 2
Determination of DA in hydrochloride injection solutions (n=5)

Batch no Labeled Spiked Found R. S. D. (%) Recovery
(uM) (uM) (uM)

060706  19.62 10.0 29.59 1.9 97

060711  19.62 10.0 29.63 1.7 101

060720  19.62 10.0 29.60 1.8 98

Therefore simultaneous or independent measurements of the
three analytes are possible.

We also carefully examined the oxidation currents of DA and
AA at the poly-Evans Blue modified GCE in the presence of
increasing concentration of UA (Fig. 8A). No obvious change in
the DA and AA oxidation currents was observed while varying
the concentration of UA, and the peak current of UA increased
linearly with increasing UA concentration(20 pM to 45 uM)
with a correlation coefficient of 0.9985 (Fig. 8B). It is very
interesting to note that the oxidation processes of DA, AA and
UA at the Evans Blue modified GCE are independent and
simultaneous or independent measurements of the three ana-
lytes are possible without any interference.

Moreover, this electrochemical response has good stability,
as the peaks remain unchanged after consecutive 40 cyclic
voltammetric scan. As the electrode fabrication is very easy and
low cost, the present modified electrode seems to be of great
utility for making voltammetric sensor for the detection of
neurotransmitters.

4.4. Interferences

For investigating the interference, several compounds were
selected. If the tolerance limit was taken as the maximum
concentration of the foreign substances, which caused an
approximately 5% relative error, for 15 uM DA, 100 pM AA,
and 10 uM UA, no interference was observed for the following
compounds (uM): K', Ca*", Mg?*, Zn*", starch, citric acid,
cysteine, lysine, glucose. The results are listed in Table 1.

4.5. Determination of DA in dopamine hydrochloride injection,
AA in hydrochloride injection solutions and UA in human urine
samples

3 uL of the dopamine hydrochloride injection solution (10 mg
mL ™', 2 mL per injection), 2.5 pL of the AA hydrochloride
injection solution (250 mg mL™', 2 mL per injection) and 20 pL

Table 4

Determination of UA in human urine samples

Analyte Labeled Spiked Found R.S.D Recovery
(LM) (LM) (LM) (%) (%)

Healthy Adult 15.12 5 20.25 2.0 115
15.09 5 20.15 1.6 98
15.76 5 25.80 1.6 113

Patient 21.35 5 26.32 1.9 99
21.56 5 26.59 1.7 104
23.67 5 28.70 2.1 103
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of the UA in human urine samples (they came from our lab and
The First Affiliated Hospital of Fujian Medical University) were
injected into a 10 mL volume flask and made up to volume with
0.05 mol L™ ' PBS (pH 4.5) respectively. Then this test solution
was placed in an electrochemical cell for the determination of
DA, AA and UA using the above DPV method. The results are
listed in Tables 2,3 and 4.

5. Conclusions

This study has indicated that poly-Evans Blue film modified
glassy carbon electrode exhibits highly electrocatalytic activity
to DA oxidation. The redox response of the modified electrode
is that it anticipated for a surface-immobilized redox couple.
The electrochemical behavior of the modified electrode is
strongly dependent on the solution pH. AA, DA and UA coexist
in a homogeneous solution can be simultaneously detected by
this modified electrode. And the separation of the oxidation
peak potentials for AA—DA and AA-UA are about 182 and
362 mV, respectively. Therefore, simultaneous or independent
measurements of the three analytes are possible without any
interference. The proposed methods can be applied to the
determination of DA, AA and UA in real samples with sat-
isfactory results.
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The structural and transport characteristics of membranes are mainly determined by the state of the
cytoskeleton. The characteristic changes in morphology of human (adult donor and cord) and rat Red Blood
Cells (RBC) and of their membrane, induced by hyperthermia (46-51 °C) have been analyzed. Two different
types of morphological changes have been observed to take place during hyperthermia in all studied RBC
groups. We have observed either formation and exfoliation of spiculas from membrane, resulting in the
formation of large (4-5 pum) sphere-like cell body and small (0.5-1.5 um) vesicles or cell fragmentation with
formation of large (3-3.5 pum) vesicles. The two distinct phenomena are likely to be determined by the
heterogeneity of the RBC population in terms of cell age. There was noted the difference of cord RBC from the
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Membrane donor ones in temperature value of transformation beginning, as well as the character of deformation and
IMPs aggregation vesicle formation, that may testify to their less thermoresistance. The ultrastructure of the membrane,
Vesiculation

studied with the freeze-fracturing technique, testifies to an irreversible character of membrane changes. The
aggregation of intramembrane particles (IMPs) as a continuous network testifies to the strengthening of the
interactions between denatured spectrin and bilayer integral components.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Warming red blood cells (RBC) to temperatures above +45 °C is
widely employed to study both the phenomenon of thermal hemolysis
and the structural modifications of cells and their membranes after any
subsequent treatment. This is due to the fact that the main RBC skeletal
protein - spectrin - undergoes a denaturating thermal transition at
49.5 °C [1]. Transitions in the RBC membrane at, and above this tem-
perature, are irreversible in nature, and result in the loss of some
functional properties of the cell. Warming in the range 46-49 °C results
in the oligomerization of band 3 protein, and in an increase in its
rotatory and lateral mobility [2], and induces alterations in the critical
cell volume [3]. Under these conditions the microviscosity of the
membrane increases, RBC exhibit marked vesiculation along with
other pronounced events [4,5]. A key question, therefore, is what do we
witness at temperatures above 50 °C? We have thus studied the RBC
morphology and the ultrastructure of the RBC membrane in the tem-
perature range of 46-51 °C.

2. Materials and methods

RBC from human adult donors and from cord blood, prepared
with a Glugizir preservative (2 g sodium citrate; 3 g water-free glu-

* Corresponding author. Tel.: +38 57 3733034; fax: +38 57 3733084.
E-mail address: nvrepin@mail.ru (N.V. Repin).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.017

cose; of about 100 ml bidistilled water), and rat blood treated with
heparin, were employed. RBC were separated by centrifugation
(10 min at 1500 g) in a phosphate buffer, pH 7.4 (150 mM NaCl+5 mM
Na-phosphate buffer). The RBC pellet was washed three times in a 4-
fold volume of buffer, and resuspended at a hematocrit of 20% in PBS.
RBC were warmed in a thermostatically-regulated water bath (accu-
racy of stabilization was 0.5 °C) by incubating them for 15 min at 46,
47,48, 49, 50 and 51 °C. The accuracy of the stabilization and of the
temperature measurement were additionally monitored using two
thermometers (AT=0.1 °C), and differential copper-constantan ther-
mocouple (the second end of the thermocouple at 0 °C), contained
within a close-fitting chamber. It was therefore possible to assess
the likelihood of development of a temperature gradient and to
determine the speed with which the desired temperature could
be attained in polyethylene containers containing 1 ml of cell
suspension.

For each temperature tested, at the end of the incubation RBC
were fixed in a 2.5%-solution of glutaraldehyde (GA) in phosphate
buffer (1:1), the temperature of which was similar to that of the cell
suspension. For subsequent scanning-microscope studies, RBC were
dehydrated for 10-15 min in ethanol preparations of increasing
concentrations (30°, 50°, 70°, 90°, 96°), in absolute ethanol (98°) and
in acetonitrile. The RBC were covered with a platinum-carbon layer in a
vacuum chamber. RBC surfaces were visualized using a REMMA-101A
scanning electron microscope (‘SELMI’, Ukraine) under an accelerating
voltage of 20-30 kV. The magnifying power was 3-10x 10>-fold.
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Fig. 1. Stages of surface deformation of rat RBC and formation of spicules (b, ¢) and development of a sphere-like cell body (c, d) at temperatures: (a) 46 °C, (b) 49 °C, (¢) 50 °C, (d) 51 °C.

To analyse membrane morphology, samples were prepared using a
freeze-fracture method [6,7]. The RBC were cryofixed using either a
sandwich method or in propane, supercooled in liquid nitrogen (solidi-
fication point is - 187.1 °C). Platinum-carbon replicas, collected from the
RBC fractures, were studied with a TEM-125K transmission electron
microscope, equipped with a SAI-01A system (‘SELMI’) for collection and
analysis of images, based on a CCD chamber DX-2 and a program
package (KAPPA, Germany) with the accelerating voltage of 75 kV.

3. Results and discussion

In order to eliminate artefacts associated with temperature-
dependent changes in cell shape while viewing samples under light
microscopy, GA was applied to the samples after each experimental
procedure. In this way, the morphological state of cells was fixed,
facilitating the monitoring of the dynamics of transformation of their
surfaces within a temperature range of 46-51 °C.

It is known, that two types of morphological transformation be-
came evident during cell warming in the temperature range of 46-
48 °C [5]. We have also observed two types of morphological changes
for all studied RBC groups. In the first case, a wavelike deformation,
with the appearance of spicules was observed on the cell surface.
Further warming of the cells resulted in the formation of sphere-like
cell body (4-5 um in diameter) and small vesicles (0.5-1.5 pm). We
demonstrated this by the example of rat RBC (Fig. 1). We believe a
threshold for compaction of the membrane skeleton may be the
limiting factor, which determines the size of the sphere-like cell body.

An alternative response, which was with higher probability
observed with human cord-blood, was the development of deep

lateral strangulations of the cells, which bring about fragmentation of
RBC and formation of large vesicles (3-3.5 pm in diameter) (Fig. 2 b, c).

We have observed the difference of cord RBC from those of adult
donors in a decrease of temperature of morphological change be-
ginning, as well as deformation and vesicle formation character (Fig. 2
b, d), that may testify to their less thermoresistance. In fact, hemo-
globin of cord blood RBC has been shown to possess lower thermal
stability [8], and to be more susceptible to oxidation to met-hemo-
globin (met-Hb) during heating when compared to adult donors' RBC
hemoglobin. Thermal hemolysis studies indicate that RBC with
increased met-Hb content are more prone to heat-induced hemolysis
[9].

It should be noted that, despite such significant impairments in the
morphology of the cell itself (Fig. 2 ¢; 4 b), the degree of hemolysis was
not that substantial, amounting to 4.5% in adult donor and cord blood
RBC, and 5.3% in rat blood. These data testify to the fact that the lipid
bilayer possesses the capacity to reseal for Hb molecules and thus to
repair defects that occur during RBC fragmentation.

Freeze-fracture studies of the fine structures of the RBC mem-
branes revealed the distribution of transmembrane proteins within
the plane of the membrane fracture (PF- and EF-surfaces) in the form
of the so-called IMPs' (Fig. 3).

! The membrane of intact RBC is known to split under fracturing within the
hydrophobic region, thereby uncovering two relatively smooth PF- and EF-surfaces
with typical chaotic distribution of intramembrane particles (IMPs). IMPs have been
demonstrated to represent integral membrane proteins [10]. Their distribution can be
considered to reflect the dynamics of protein-lipid interactions and to be determined
by the structural and functional state of cell and its membrane.
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Fig. 2. Sequence of fragmentation of cord blood RBC (a-c) with a formation of large vesicles with the diameter of up to 3.5 um at temperatures: (a) 46 °C, (b) 48 °C, (c) 50 °C; (d) donor

RBC at 50 °C.

Exposure of cells to a temperature of +50 °C for 15 min, followed
by lowering of the temperature to 37, 20 or 4 °C induced strong
aggregation of the IMP (Figs. 4a and 5a). We observed two types
of PF-surface fractures in the RBC membrane or its fragments,
characterised by differences in the distribution of IMP. In the first

type, IMP aggregation occurred in the form of large clusters and was
accompanied by appearance of protein-free areas on the membrane
surface (Fig. 4, a), whereas in the second, aggregation of parti-
cles in the form of a continuous network was apparent (Fig. 5, a).
The morphology and dimensions of the network, formed by

Fig. 3. Nature of membrane fractures at hydrophobic regions (Pt — evaporated material) (a). Morphology of RBC membrane, revealed by the freeze-fracture method (ES — external

surface) (b).
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Fig. 4. RBC, incubated at 50 °C for 15 min (which induces thermal denaturation of spectrin), then cooled to 4 °C: (a) intensive irreversible aggregation of IMP with development of
large, protein-free, lipid areas, that is typical for a spectrin-free vesicle; (b) fragmentation of RBC after spectrin thermal denaturation and subsequent cooling. Formation of large

vesicles.

Fig. 5. Characteristic aggregation of IMP in the form of a continuous network in RBC membranes warmed to 50 °C, and then cooled to 4 °C (a). Membrane skeletal network (b) [11].

transmembrane proteins on the surface of the fracture (Fig. 5, a), are
in agreement with the morphological pattern and dimensions of
the elementary membrane-skeletal cells described elsewhere [11]
(Fig. 5, b).

It is known that, under normal conditions, the rotatory and lateral
mobilities of membrane proteins are strictly limited by the spectrin-
actin membrane-skeleton, and that changes in the dynamic behaviour
of the band 3 protein in the membrane can only occur with disruption
of the interactions between the membrane-skeleton and the mem-
brane. Data reported elsewhere [12] as well as our own studies [7]
have shown that the membrane/membrane-skeleton system is re-
latively stable under physiological conditions, with no evident lateral
re-distribution of IMP in the membrane plane.

The demonstration of two patterns of IMP aggregation is indicative
of the existence of two groups of vesicles: small (up to 1-1.5 pum),
spectrin-free vesicles, and larger ones, containing denaturated spec-
trin. An additional temperature effect (+4 °C) caused an intensive IMP
aggregation in the first case (Fig. 4, a) and the IMP aggregation in the
form of continuous network in the second one (Fig. 5, a). The second
pattern is somewhat unexpected and differs, in fact, from the classical
examples of aggregation caused by the action of membrane-tropic
substances [13], or by hypothermic temperatures [7] or, to a lesser
extent, by low pH [12].

In conclusion, the data obtained allow us to speculate that:

- thermal denaturation of spectrin and subsequent lowering of
temperature (along with other effects) bring about irreversible
changes in RBC morphology;

- the lipid bilayer possesses the capacity to reseal for Hb molecules
and thus to repair defects that occur during RBC fragmentation;

- the observed under hyperthermia IMP aggregation in the form of
continuos network, similar to a cytoskeletal spectrin one may

testify to the strengthening of membrane protein affinity with
spectrin molecules.
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technique, were investigated by electrochemical techniques (cyclic voltammetry, differential pulse
voltammetry) and UV spectroscopy. The presence of DNA results in a decrease of the currents and a
negative shift of the electrode potentials from the DPV curves of berberine, indicating the dominance of
electrostatic interactions. The spectroscopy data confirmed that the predominant interaction between

Keywords:

Berberine berberine and DNA is electrostatic. The binding of berberine with DNA, when analyzed in terms of the
DNA cooperative Hill model, yields the binding constant K,=2.2(+0.2)x10* M}, corresponding to the dissociation
Anticancer herbal drug equilibrium constant K4=4.6(+0.3)x10"> M, which in the range of the applied concentrations of DNA (bp)
Hill parameters and berberine, and a Hill coefficient m=1.82(+0.08) in Britton-Robinson buffer solution (0.05 M, pH 5.72) at
Langmuir-Blodgett film T=298 K (25 °C). Apparently, at least two molecules of berberine have to bind as a couple to cause, e.g., the
“elementary event” of current change. The results are suggestive for further fruitful applications of this

anticancer herbal drug and DNA-modified electrodes.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction Electrochemical techniques have attracted appreciable attention

o ) o ) due to the inherent specificity and sensitivity. Simple and low cost
Herbal medicine plays an important role in clinical therapy and is  devices and easy manipulation facilitate to investigate interaction

wiFIely acceptedasa po.tential high quality P(?Ol for d_rug screening, owi_ng mechanisms and dynamics of the interactions between DNA and other
to its unmatched chemical diversity and minimum side effects. Berberine compounds [3,4], also in the living cells in vivo [5]. There is continuous

was initially isolated from the herbs Rhizoma coptidis (Huang-Lian), interest in the electrochemical interactions of anticancer drugs and
belonging to the camptothecin family of drugs. For the chemical structure other molecules with DNA [6-11].

of berberine, see Fig. 1. Berberine is known as an important compound in In this work, electrochemical data are reported on the interaction
cancer therapy, possessing anticancer activity in vitro and in vivo [1]. between berberine and DNA, obtained by applying cyclic voltammetry

The ipteraction of small molecules V\{ith DNA PIQYS an importfmt (CV) and differential pulse voltammetry (DPV) to DNA-modified glassy
role.m life phenomena, SUFh as mutations Of genetic 1nformat1'on carbon electrode (GCE). The results suggest that the principal
leading to diseases, by causing changes in replication and transcrip-  jnteractions between the cationic berberine and the polyanionic

tion of DNA. On the other hand, the analytical results carry  DNA are cooperative and dominant of electrostatic nature.
information for molecular recognition in DNA hybridization and for

sensing of bioactive species, such as anticancer drugs, usefulness also 2. Experimental
in clinical diagnostics and general biomedicine.

The Langmuir-Blodgett (LB) technique has attractive features for 2.1. Apparatus and reagents
the fabrication of molecular assemblies with controlled thickness at

molecular dimensions and a well-defined molecular orientation [2]. Model 650A electrochemical analyzer (CHI Instrument Company,
The LB technique continues to make great contributions to the further ~ USA) served to perform all the electrochemical measurements in a
development of DNA-modified electrodes for analytical sensing. three-electrode configuration. The working electrode was a bare

electrode or a DNA-modified GCE (2 mm in diameter); a commercial

saturated calomel electrode (SCE) and a Pt wire were utilized as

reference and counter electrode, respectively. The potentials given in

* Corresponding author. fax: +86 371 67763220. this paper were referred to SCE. The UV spectra were recorded by a
E-mail address: yebx@zzu.edu.cn (B. Ye). Model UV-2102 (UNICO, Shanghai, China) spectrophotometer.

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.02.005
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Fig. 1. The chemical structure of berberine.

Solutions of fish test DNA (Shanghai Sangon Company, China) were
prepared with doubly distilled water to form 1.0 mg/mL stock solution.
The concentration of DNA expressed at a base pair (BP) concentration:
[BP]=9.09%x10"3 M, was determined by the UV absorption at 260 nm
using the molar extinction coefficient of 6600 M~ ' cm™ . A stock solution
of 1.0x1073 M berberine (Checkout Institute of Biology Drugs, China)
was prepared by dissolving it with doubly distilled water. Octadecyla-
mine (Tianjin Guangfu Fine Chemical Research Institute, China) stock
solution was prepared by dissolving it with distilled chloroform and
used without further purification. All spreading solutions were kept
below and at 5 °C and renewed every 2 weeks. Other chemicals were of
analytical reagent grade. High purity nitrogen was used to purge the
solution for 10 min prior to each measurement. Each assay was
performed at the temperature 298 K (25 °C).

2.2. Procedure

Britton-Robinson (B-R) buffer solution (0.05 M, pH 5.72) was
selected as supporting electrolyte. Single-stranded DNA was prepared
by heating the double stranded dsDNA solution in water bath at 100 °C
for 30 min, then promptly cooling it in ice bath, yielding the so-called
denatured ssDNA. All other DNA were double-strand DNA. GC-base
pair attached electrodes were used.

2.3. Preparation of DNA-modified electrode

Since DNA as a polyelectrolyte salt is soluble in water, it is not
possible to directly use the DNA for preparing LB film. The amphiphilic
octadecylamine (ODA) is used to produce LB films. Here, DNA LB film-
modified electrodes were prepared from a suspension of DNA in ODA, by
dissolving DNA in the sub-phase (water) and spreading the ODA-
chloroform solution on the sub-phase surface. When the ODA-DNA
suspension was compressed slowly, a monomolecular layer was formed
and thus a DNA LB film-modified electrode resulted. For the measure-
ments of the surface pressure (1r)-surface area (A) isotherms, aJML-04 LB
trough (Shanghai Zhongchen Co., China) was used. The solvent was
allowed to evaporate for 30 min before compression. Z-type DNA LB film
used in this paper was gained according to a standard vertical dipping
procedure by the LB technique.

3. Results and discussion
3.1. Interaction between berberine and DNA in solution

Cyclic voltammetry and differential pulse voltammetry were
employed for investigating the interaction between berberine and
DNA. Fig. 2 exhibits the cyclic voltammogram of 5.0 x 10~> M berberine
in B-R buffer solution (0.05 M, pH 5.72) at T=298 K (25 °C) within the
electrode potential range of -0.4<E/V<-1.25. Under the selected
conditions, a well-defined cathodic current peak was observed. No
corresponding anodic peak was observed in the cyclic voltammogram
(Fig. 2, Curve A). It indicates that, under these conditions, the electrode
reaction of berberine is an irreversible process.

1/pA

040 050 060 070 080 080 -100 140 -120 430
E/V (vs. SCE)

Fig. 2. Cyclic voltammograms of 5.0x 10" M berberine in B-R buffer solution (0.05 M,
pH 5.72) (Curve A) and the background (Curve B), with scan rate of v=50 mV/s.

The DPV technique provides the required high current sensitivity
and good peak resolution for the investigation of the interaction
between berberine and DNA. Prior to carrying out the electrochemical
measurements, the mixed solutions of berberine and DNA were
stirred for 10 min to reach binding equilibrium. Fig. 3 shows the DPV
curves in the presence of 2.0x 107> M berberine (curve A) at different
concentrations of DNA (Curves B and C). Under optimum conditions,
the peak potential of berberine shifts towards more negative electrode
potentials with increasing DNA concentration, consistent with the
preponderant electrostatic interaction between (cationic) berberine
and the polyanionic DNA [12]. The peak currents decrease with
increasing DNA concentration (Fig. 3, Curves B and C), indicating the
formation of the DNA-berberine adducts, which may be electro-
inactive under this experimental conditions. The peak currents
decrease in direct proportion to the DNA concentration, suggesting a
means for the analytical determination of DNA concentrations.

When electrostatic interactions are presumed to be dominant in
the incorporation process of small molecules carrying positive charges
and the polyanionic DNA, the electrochemical interactions are known
to be affected by the ionic strength of the solution by ionic screening
effects [13]. Here, the DNA-modified electrode was used as the
working electrode and prepared by coating the DNA onto the surface
of the GCE. The interaction of berberine with DNA was examined in
the NaCl concentration range of 2 <[NaCl]/mM <80, the NaCl dissolved
in B-R buffer solution (0.05 M, pH 5.72). As seen, the peak currents
strongly decrease with increasing [NaCl] and nearly disappear when
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Fig. 3. DPV curves of berberine with different concentrations of DNA at bare GCE. Curve
(A): 2.0x10° M berberine; Curve (B): (A)+1.09x10"* M BP; Curve (C): (A)+1.36x10™* M
BP.
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Fig. 4. DPV curves of berberine at bare GCE in B-R buffer solution (pH 5.72). Curve
(A): 2.0x107> M berberine; Curve (B): (A)+9.09x10"°> M dsDNA (BP); Curve
(C): (A)+9.09%x107> M ssDNA (BP).

the ionic strength reaches 6.4 mM. Concomitantly the peak potential of
berberine at low ionic strength shifted to more negative values with
increasing DNA concentration, confirming the dominance of the
electrostatic interactions between berberine and DNA [ 14]. The shielding
effect affects the charge transfer. At low ionic strength, where the ionic
shielding is low, the electrochemical signals are expected larger. At high
ionic strength, the ionic shielding weakens the electrostatic interactions
between berberine and DNA, resulting in the decrease of peak currents,
levelling-off at the ionic strength of 1.6 mM.

The peak current decreases with the increasing temperature in the
range of 19<T/°C<35. Above 35 °C, the peak currents increase. So far
no rationale for the minimum can be offered.

3.2. Comparisons of the interaction of berberine with dsDNA and ssDNA

Fig. 4 shows the differential pulse voltammetry responses of
2.0x107> M berberine (Fig. 4A) and 9.09x 10~> M dsDNA (BP) (Fig. 4B)
as well as 9.09x107> M ssDNA (BP) (Fig. 4C), respectively. The peak
currents decrease and the peak potentials shift to more negative
electrode potentials for both dsDNA and ssDNA. Moreover the peak
current obtained with dsDNA is slightly higher than that obtained
with ssDNA. This result indicates that berberine interacts with ssDNA
more strongly. The decrease in the currents with ssDNA is either due
to an increase in the electrostatic binding of berberine to ssDNA or due
to a decrease in the electron transfer of berberine through the ssDNA,
or probably both.

3.3. Interaction of berberine with DNA modified at the GCE

3.3.1. The m/A-isotherms of octadecylamine and octadecylamine-DNA LB
films

Fig. 5 shows the surface pressure (1) versus area (A) isotherm of
octadecylamine (ODA) at the pure water-air interface and at the
aqueous DNA solution-air interface, respectively. The difference for
ODA is due to the different sub-phase. For DNA/ODA composite
Langmuir monolayer (Fig. 5A), a rapid expansion of the molecule area
is found due to the decrease of surface pressure. The limiting area value
is A(im)=0.38 nm? and the collapsing pressure is M(comy=27.3 mN/m.
Compared with the ODA monolayer (Fig. 5B) there is a steep rise in
surface pressure and the limiting area is 0.24 nm? per molecule,
suggesting the formation of a DNA/ODA composite film. The migration
of the DNA molecules from sub-phase into ODA Langmuir monolayer is
dominantly driven by electrostatic interactions between the nega-
tively charged DNA and the cationic ODA molecules [15]. It is known
that DNA/ODA conjugate monolayers at the air-water interface are
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Fig. 5. Surface pressure (m)-area (A) isotherms of ODA monolayers on DNA aqueous
solution (Curve A) and on pure water (Curve B).

stable and behave like ideal amphiphilic complexes [16]. The LB
technique is confirmed to be suited to immobilize DNA onto the
electrode surface and the DNA retains its native form as a double-
helical structure.

To provide further information about the structure and the
electrochemical properties of DNA Langmuir films, redox couples of Fe
(CN)Z* were used as electrochemical probes. The cyclic voltammo-
grams were recorded for 5.0x 10”4 M K5Fe(CN)g at the bare GCE and the
DNA-modified GCE. The peak currents decreased and the peak
potentials shifted slightly at the DNA-modified GCE relative to the
bare GCE. This means that Fe(CN)27*" can pass through the DNA/ODA
film and reach the GCE surface for exchanging electrons, despite some
electrostatic repulsion between DNA and Fe(CN)Z/", indicating that
DNA had been immobilized onto the electrode surface by the Langmuir
technique.

3.3.2. Interaction of berberine with DNA-modified electrode

Fig. 6 shows the DPV curves of 1.5x107> M berberine at the bare
electrode (Curve A) and the DNA-modified electrode (Curve B) with a
scan potential range of -0.6<E/V<-1.35. Berberine is reduced at both
electrodes, but the peak current decreases and peak potential shifts to
more negative values at the DNA-modified electrode in comparison
with the bare electrode. The peak current at the bare electrode is
seven times larger than that at the DNA-GCE, consistent with the
strong electrostatic binding of berberine to DNA at the DNA-GCE [17].

The data correlation of the peak currents i, and the scan rate v is
linear in the scan range of 30<v/(mV/s)<200, which is characteristic of
thin layers [18]. The results suggest that the anticancer drug berberine
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Fig. 6. DPV curves of 1.5x107> M berberine at bare electrode (Curve A) and DNA-
modified electrode (Curve B) in B-R buffer solution (pH 5.72).
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associates with immobilized DNA and thus the electrode process is
adsorption controlled. The open circuit DPV effect on the accumulation
time indicates that the peak current continuously increases within 6 min
and saturates at longer accumulation time. As a compromise between
the sensitivity and the working efficiency, the optimal accumulation
time of 6 min was selected for studying the interaction of berberine with
DNA immobilized at GCE.

3.4. UV spectroscopy for characterization of the interaction of Berberine
with DNA

As known, DNA in aqueous solution exhibits an absorbance peak at
260 nm (Fig. 7A). The berberine exhibits absorbance peaks at 227 nm,
262 nm, 344 nm, respectively (Fig. 7B), and a broad low absorption in the
range of 380<A/nm<460. The absorbances at 262 nm and 344 nm
correspond to the m~* transitions of the isoquinolin structure, and the
band centered at about 424 nm arises from the n~m* transition [19]. The
absorption spectra change and the appearance of isobestic wavelengths
indicate interactions with DNA (Fig. 7, Curves C and D). Hypochromic
effects are particularly pronounced at 260 nm. The isobestic point at
about 358 nm reflects the virtual overlap of the i electron cloud of the
drug berberine indicating that the intercalative binding mode of
berberine with DNA at this part is much weaker [20]. The results also
indicate that the DNA retains its double-helical structure in the mixed
solution, confirming the dominance of electrostatic interactions.

3.5. Association equilibrium constant and stoichiometric coefficient of
DNA-BE,

It is known that berberine (BE) [21] and DNA base pairs associate to
one type of cooperative complex DNA-BE,,, according to the reaction
scheme:

DNA + mBE = DNA - BE, (1)

In terms of the overall Hill cooperativity model, the fraction of
berberine bound to DNA is given by:

f = [DNA - BEjn]/[DNA - BEm] max = [BE]"/([BE]" +K{') )
and
Ki' = [BE™(1 - f)/f (3)

where [DNA-BE,;,] max is the maximum concentration of complexed base
pairs, [BE] the concentration of free berberine. Ky is the dissociation
equilibrium constant and m is the Hill coefficient.

Note that K4=[BE]g 5 at f=0.5,i.e., at half occupation. The association
constant K, is given by the reciprocity: K,=Kg'. It is not advisable to use
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Fig. 7. The UV spectra of berberine and DNA-BE,;, complex in B-R buffer solution
(0.05 M, pH 5.72). Curve (A): 3.64x 107> M BP; Curve (B): 1.4x107> M berberine; Curve
(C): (B)+5.43x107° M BP; Curve (D): (B)+1.10x10™* M BP.
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Fig. 8. The relationship between Al/(Al,.x—1) and [BE]/M on double-logarithmic scale at

the GCE in the B-R buffer solution (0.05 M, pH 5.72) in the absence and presence of
DNA, respectively.

the overall constant K=(K,)", which would have the physically
meaningless dimension of M™™.

The interaction partners for BE are the base pairs of DNA. Mass
conservation dictates that the concentration of free DNA base pairs,
available for binding of berberine is given by:

[DNA] = [DNA - BEm]pax — [DNA - BEp] (4)
Mass conservation for berberine dictates that:
[BE] = [BE], — M[DNA - BEy] (5)

where [BE], is the total concentration of berberine. It is found that
under the given experimental condition the current I is given by:

I=k-[BE]| (6)

where k is a constant. In line with this relationship the current dif-
ference Al is defined as:

Al = I(BEg) — I(BE) )
Insertion of Eqgs. (5) and (6) into Eq. (7) yields:

Al = k([BE,] — [BE]) = k- m - [DNA - BE] (8)

Almax = k-m - [DNA - BEn] max 9)
From Eq. (3), we obtain that:

log[f/(1 - f)] = mlog (Ka/M) + mlog ([BE]/M) (10)
Insertion of Egs. (8) and (9) into Eq. (10) yields:

log { Al

m} = mlog (K./M) + mlog ([BE]/M) (1)

If DNA and berberine form a single adduct, the plot log [AI/(Alax—Al)]
versus log ([BE]/M) is linear with a slope of m. Data fit (Fig. 8) yields
m=1.82 and K,=2.2(+0.2)x 10 M}, thus K4=4.6(x0.3)x10"> M, which is

Table 1
The analytical data for sample

Sample Added Found Recovery RSD Results from
(107> M) (107> M) (%) (%) UV (107> M)
DNA (BP) 5.45 5.19 95.23 3.11 5.21
DNA (BP) 9.09 8.79 96.70 2.94 9.19
DNA (BP) 13.63 13.93 102.20 2.81 13.45






22 X. Tian et al. / Bioelectrochemistry 73 (2008) 18-22

in the concentration range of the applied berberine. The stoichiometry of
the cooperative berberine binding is thus at least 2 per base pair unit.

3.6. Analytical application

Under the optimized conditions mentioned above, the experimental
data for the calibration plot were recorded by DPV. The peak currents of
berberine with different concentration of DNA were then used to establish
the calibration curve. The decrease of peak current of 3.0x107> M
berberine was proportionate to the concentration of DNA (BP) from
1.82x107> M to 1.64x10”* M with the detection limit of 1.45x 107> M. The
linear regression equation is Ai, (1077 A)=3.70+0.68 Cgp (107> M) with a
correlation coefficient y=0.995.

In order to examine the applicability for the proposed method, the
standard addition method was employed to determine the recovery of
DNA with the addition of fish test DNA and the relative standard
deviation, respectively. The standard solution was added into the
sample solution, regarding the mixed solution including familiar ions
(K*, Na*, CI” and SO3) as a suitable synthetic sample solution. The
analysis data for the synthetic sample solution is given in Table 1.

4. Conclusions

The interaction of anticancer herbal drug berberine with DNA can
be quantified in terms of the Hill model of cooperative interactions.
The results serve as a reference for the study of berberine with DNA
base pairs in the natural environment of living cells.
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The binding of acids and alkalis, formed in tissues by metabolism, along with oxygen and CO, transport are
recognise as the principal functions of red blood cells (RBCs). Decreases in internal environment pH may
result in activation of potential endogenous cytotoxic metabolites, OH and oxidant formation and, as a
consequence, result in oxidative damage of cell membrane leading to hemolysis. The characteristics of acid
hemolysis in hibernating mammals have been determined in this study. Parameters of HCl-hemolysis, such
Keywords: as the average time for RBC hemolysis and the population distribution of the response, have been
RBCs investigated. Measurements were performed within 40-5 °C temperature range. The resistance of hibernator
RBCs to increased acidity, determined according to the acid hemolysis parameters, was found to reflect
whether the animal was in the summer active period or in hibernation, with differences also apparent at
different points with the hibernation season itself. It was demonstrated that hemolysis parameters of
naturally cold-tolerant organisms are altered by decreases in temperature. We discuss a role of cytoskeletal-
membrane interactions as a fast-acting switch of the structural and functional state of hibernator RBCs as an

HCl-hemolysis

Mammalian hibernation
Temperature decrease
Cytoskeletal-membrane interaction

adaptation mechanism to acidosis arising from hypothermia and hypermetabolism.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The principal functions of RBCs are recognised to be the transport of
oxygen and CO,, as well as the binding of acids and alkali, formed in
tissues by metabolism. Acidification of the internal environment can
result in an elevation of potential endogenous cytotoxic metabolites
such as bile salts [1]. Acidosis leads also to a release of metals with
variable valency from metalloproteins, which participate in Fenton and
Haber-Weiss reactions, stimulating OH and oxidant formation [2] that
can result in oxidative damage to cell membranes and hemolysis [3,4].

Measurements of acid hemolysis kinetics [3] together with the
chemical (acid) erythrogram method [5] can be used to make
comparative studies of RBCs acid resistance, and to determine
variations in resistance within a population of RBCs. Although the
exact sequence of events leading to acid hemolyis is not certain, the
fact that the acid hemolysis development involves all the main
structural and functional RBCs links is considered as distinctly
established. It is believed that transfer of acid equivalents by anion
exchange proteins is the limiting process for acid hemolysis [3,4].

Binding of acids and alkali by RBCs is of especial significance in
hibernating mammals, in which the respiratory acidosis, which results
from delayed CO, release from tissues in the torpid state, is replaced
during animal arousal by acidosis arising from the accumulation of
lactic acid [6].

* Corresponding author. Tel.: +7 38057 3733141.
E-mail address: srepina@mail.ru (S.V. Repina).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.009

The ability of some mammalian species to hibernate has attracted
the attention of researchers in many disciplines for more than a
century. Undoubtedly, “the ability to hibernate is arguably the most
dramatic example of phenotypic plasticity by mammals” [7].

Hibernation in mammals is a dramatic example of tolerant
adaptation strategy, accompanied by significant changes in the
organism's physiological state. Hibernating mammals in a torpor are
capable of enduring prolonged periods (up to 5 weeks) of subzero
body temperatures, with general metabolic levels reduced to 2-4% of
the norm. Torpor is periodically interrupted by spells of rapid (lasting
several hours) increases in body temperature up to 36 °C, followed by
a period of euthermic metabolic activity (interbout arousal: IBA) of
12-24 h before a new period of torpor begins. In hibernators during
torpor, most physiological functions are suspended, while those that
persist occur at substantially reduced rates. Since hibernating
mammals periodically arouse from torpor throughout the hibernating
season, their ability to function under euthermic temperatures should
be constantly maintained. In addition body temperature, metabolic
rate, cardiac rhythm and other parameters fall during torpor to levels
that are likely to be lethal for a strict homoiotherm. At the same time
biochemical processes, and functions at the organ and systemic level
are rearranged such that even at very low body temperatures,
homeostasis is achieved. Many studies have been devoted to consider
this question, and other peculiarities of the phenomenon of
mammalian hibernation, including molecular aspects [7-9]. Despite
this, the molecular and cellular mechanisms underlying hypothermic
tolerance remain largely unclear. In particular, how the RBCs of
hibernating mammals can successfully function in an organism with
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subzero body temperature, and also when temperatures increase to
euthermic values is not known.

We believe that the cellular mechanisms underlying tolerant
adaptation of hibernator RBCs have received insufficient attention.
Obviously, mechanisms conferring tolerance for acidosis should exist
in hibernating mammals. Such acidosis would be most apparent
during periods of intensified metabolism associated with recovery of
normal rates for physiological processes when body temperature
increases towards euthermic values during the torpor-IBA transition.
We believe that the research of cell mechanisms of natural acidosis-
tolerance is possible in such a way. To reveal if there are the pecu-
liarities for acid hemolysis development in hibernator RBCs, being
under different physiological states.

This study compares the acid resistance of ground squirrel RBCs
during hibernation, arousal and active periods in winter (January-
February), spring (March) and in summer active animal and estimates
the effect of a long-term (21 days) hypothermic storage of hibernator
RBCs on resistance to acid hemolysis.

2. Materials and methods

RBCs of Citellus undulatus ground squirrels being under hiberna-
tion, arousal and active states in winter (January-February), spring
(March) and under summer active state were studied. Each group
numbers at least 5 animals.

Freshly drawn blood from the animal of definite group was
prepared with heparin. The blood was washed three times by
centrifugation (1800 xg, 5 min) in isotonic saline (150 mM Nacl).
Plasma and buffy coat were removed by aspiration.

RBCs acid hemolysis (HCl-hemolysis) was performed as previously
described [3,5]. Given the cold-tolerance exhibited by hibernating
mammals, we have modified the protocol with respect to the
temperatures employed.

Washed RBCs suspension was diluted with isotonic saline so that
the initial absorption at 700 nm equaled 0.7-0.8 (hematocrit 0.05%).
RBCs suspension in 1.5 ml volume was mixed in the thermostated
spectrophotometer cuvette at the time zero with 1.5 ml 0.004 N HCI
(diluted with 150 mM Nacl), thermostated at the studied temperature.
Kinetics of HCl-hemolysis (acid hemolysis) was measured by changes
(decreasing) in optical density (OD) at A=700 nm monitored
continuously with time using the Pye Unicam SP 8000 spectro-
photometer. The temperature effect within the range of 5-40 °C on
hemolysis was assessed using a chamber equipped with thermostatic
control. An accuracy of thermostabilisation was +0.5 °C.

To characterise RBCs acid resistance we used two parameters: an
acid erythrogram (and not only a kinetic curve of optical density) and a
mean hemolysis time in contrast to conventional half-hemolysis time.

An acid erythrogram (distribution of RBCs population by acid
resistance) adequately characterises a qualitative composition of RBCs
population. Erythrograms were obtained according to the method
described and substantiated by Terskov and Getelson [5]. Namely,
each erythrogram point represents a fraction of RBCs (f,,) hemolysed to
definite time point (t,). The fraction was calculated from a kinetic
curve of optical density as:

fa = [0OD(tn-1) — OD(tn)/OD(to)] x 100% (1

In Eq. (1) f, represents the fraction of RBCs hemolysed to definite
time point t, and OD(ty) refers a difference between the optical
density (A=700 nm) at the time zero and residual one after the end of
hemolysis. f, is a relative quantity and expressed in percents. In
accordance to cited paper [5] we determined f,, values for each ¢, in
0.5 min (t,~t,-1=0.5 min) using the spectrofotometrically obtained
kinetic OD curve. In fact the acid erythrogram represents the 1st
derivative of OD kinetic curve and is an adequate characteristic of
RBCs population heterogeneity.

The second parameter used is a mean hemolysis time (t,,) which in
contrast to conventional half-hemolysis time accounts for a weight of
different RBC fractions in a population. When studying the tempera-
ture effect on RBCs acid resistance, this parameter could be more
accurate, because young and old erythrocytes are supposed to have
various temperature dependence of their acid resistance.

A mean acid hemolysis time is calculated as:

tm = antn/loo% (2)

In Eq. (2) f, and ¢, represent the same parameters as in Eq. (1).

An acid erythrogram and mean hemolysis time were calculated
using a kinetic curve of optical density for at least 5 independent
experiments (n=5), each performed in triplicate under studied
temperature point.

3. Results and discussion

For better understanding the RBCs adaptive rearrangements,
accompanying significant physiological changes in an organism of a
hibernating mammal under conditions of hibernation-IBA transition
and to compare with summer active animal together with studying
the acid hemolysis kinetics we have investigated the distribution of
RBCs population of ground squirrels by acid resistance according to
the method, described in the cited paper [5].

Comparison of the acid erythrogram at 24 °C of the summer
ground squirrel (Fig. 1) with that of a healthy human adult [5] (the first
population distribution derived using such acid resistance methodol-
ogy) shows that there are no principal differences in the population
response (the pattern of acid erythrograms) between heterothermal
mammals in their summer euthermic period and strict homo-
iotherms. Though the RBCs of the former are, on the whole, more
resistant as a result of the presence of some ‘high-resistance’ RBCs, for
which the time of acid hemolysis exceeds 7.5 min.

Figs. 2 and 3 show that the acid erythrograms for populations of
RBCs from winter hibernating and active ground squirrels differ,
especially at reduced temperatures (10 °C). It can be seen that there is
a displacement of the erythrograms of the ground squirrel in the
torpor state to the right (that is, there is a higher fraction of acid-
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Fig. 1. Temperature sensitivity of distribution of acid resistance for a population of RBCs
from summer ground squirrels: (¢) 32 °C, (M) 24 °C, (A) 10 °C. Acid erythrograms were
calculated using a kinetic curve of optical density at 700 nm (as described in Materials
and methods). Each erythrogram is the mean of at least five independent experiments,
each performed in triplicate under studied temperature point. The error bars represent
the standard deviation. Points without drawn error bar have a standard deviation that is
within the size of the symbol.
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Fig. 2. Temperature sensitivity of distribution of acid resistance for a population of RBCs
from winter hibernating ground squirrels: (¢) 32 °C, (W) 24 °C, (A) 10 °C, (O) 24 °C, long-
term hypothermic storage. Each erythrogram is the mean of at least five independent
experiments, each performed in triplicate (as described in Materials and methods). The
error bars represent the standard deviation. Points without drawn error bar have a
standard deviation that is within the size of the symbol.

resistant erythrocytes), with the population of RBCs being the most
heterogeneous at reduced temperatures. In the torpor state, at 24 °C
the presence of high-resistance RBCs (where the time of acid
hemolysis exceeds 7.5 min) is observed. According to current under-
standing [5,10] a rightwards shift of an erythrogram represents
intensive regenerative processes; for example, in anemia where there
is pronounced erythropoiesis and high numbers of young, resistant
RBCs. Both biochemical membrane composition (cholesterol levels)
and the nature and properties of hemoglobin can significantly affect
the human erythrogram pattern [5,10].

Of interest was to find-out if there were the differences in acid
hemolysis parameters of RBCs, being at subzero temperatures in vivo
(deep hibernation, body temperature 4-6 °C) and in vitro (long-term
storage of “winter” hibernating blood at +4 °C). We have established
that long-term (21 days) hypothermic storage of “winter” hibernating
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Fig. 3. Temperature sensitivity of distribution of acid resistance for a population of RBCs
from winter active ground squirrels: (¢) 32 °C, (W) 24 °C, (A) 10 °C. Each erythrogram is
the mean of at least five independent experiments, each performed in triplicate (as
described in Materials and methods). The error bars represent the standard deviation.
Points without drawn error bar have a standard deviation that is within the size of the
symbol.
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Fig. 4. The temperature dependency of mean acid hemolysis time for RBCs from
hibernating, arousal and active “winter” and summer active ground squirrels: (H)
hibernate ground squirrel, (®) arousal ground squirrel, (A) active ground squirrel, (¢)
summer active ground squirrel. Each point is the mean of at least five independent
experiments, each performed in triplicate (as described in Materials and methods). The
error bars represent the standard deviation. Points without drawn error bar have a
standard deviation that is within the size of the symbol.

blood does not result in a dramatic change in RBCs acid resistance. A
slight change in erythrogram pattern (Fig. 2) and a decrease in average
time of acid hemolysis of stored RBCs from 5.5+0.30 min down to 4.63
+0.25 min have been observed.

The modified temperature protocol that we have employed
provides additional information about the acid resistance of hiberna-
tor RBCs, in different physiological states. Figs. 4 and 5 show the
temperature dependency of the average time for acid hemolysis in
hibernating, arousing, active “winter” or “spring” ground squirrels.
These figures include also the temperature dependency of the average
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Fig. 5. The temperature dependency of mean acid hemolysis time of RBCs from
hibernating, arousal and active “spring” and summer active ground squirrels: (M)
hibernate ground squirrel, (#) arousal ground squirrel, (A) active ground squirrel, ()
summer active ground squirrel. Each point is the mean of at least five independent
experiments each performed in triplicate (as described in Materials and methods). The
error bars represent the standard deviation. Points without drawn error bar have a
standard deviation that is within the size of the symbol.
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time for acid hemolysis for ground squirrel RBCs in the summer active
period.

Fundamental differences in the profiles of the hemolysis time
temperature dependence are apparent for RBCs from all squirrels
tested during the hibernation season when compared with those from
summer active ones. The breaks presence in hemolysis time tem-
perature dependency curve is characteristic for the latter within the
certain temperature ranges. The sharpest change in the curve run, and
hence in the dependency character of acid hemolysis kinetics on
temperature is observed at temperatures of about 10 °C, at which
point modification of band 4.1 protein, binding spectrin with integral
membrane components is known to occur [11]. This may indicate that
cytoskeletal-membrane interactions play a major role in the mechan-
ism of acid hemolysis.

RBCs from ground squirrels during the hibernation season are
characterised by a shallower relation between hemolysis time and
temperature, indicative of an adaptive process.

In the case of the three states of “winter” ground squirrels, acid
resistance was reduced as follows: arousal > hibernate > active across
the temperature range tested. The increase in resistance to acid of
RBCs from ground squirrel in the arousing state relative to that seen
for the torpid animal is appropriate given the additional acid
production that will be associated with huge changes in physiological
and metabolic activity during the arousal period.

In the case of “spring” ground squirrels, the differences are less
apparent, especially between hibernating and active ones, although in
general RBCs from “spring” animals are more resistant than those
from “winter” ones, and the order of acid resistance is different,
namely active > hibernate > arousal. Such variations are probably a
consequence of an altered hibernation regimen, with shortened bouts
as the animal prepares for euthermia.

Thus, the resistance to acid of hibernator RBCs, determined using
acid hemolysis parameters, reflects the physiological state, being
determined not only by whether an animal is within the summer
active period or in hibernation period, but also by its status during
hibernation.

The average time for acid hemolysis provides quantification of a
complex response of RBCs to increased proton concentrations.
Although the transfer of acid equivalents by anion exchanger proteins
into the cytosol is considered the limiting step of acid hemolysis [3,4],
a change in the conformation of integral membrane proteins and their
lateral aggregation are necessary links in the HCl-hemolysis mechan-
ism [12,13]. The role of spectrin in RBCs acid resistance is not excluded,
but is doubtful [4].

The strategy for tolerant adaptation of hibernating mammals must
involve structural and functional rearrangement of membrane and
cytosol components, which are manifested in the form of changes in
acid resistance of RBCs and an altered population distribution for this
parameter. As the data presented indicates, an important link to
achieve this adaptation must be the modification of structural state
and function of the anion exchanger — band 3 protein.

At the same time, we believe that an important role of spectrin in
the mechanism of acid hemolysis cannot be excluded [4]. Lateral
aggregation of integral membrane proteins is impossible when the
cytoskeletal network is in its native state [14]. On the other hand,
cytosol acidification to pH 6.0-4.0 can result in spectrin aggregation
[14] that in turn results in modification of structural and dynamic
state of integral membrane proteins [15]. A role of spectrin in the
mechanism of acid resistance, at least for hibernator RBCs, is
supported by our previous finding that interactions of cytoskeletal
components (spectrin, band 4.1) and cytosolic (hemoglobin) compo-

nents to integral membrane components are enhanced in RBCs from
torpid animal [16]. This observation is consistent with the concept [7]
that molecular response underlying hibernation occurs not only at the
level of protein synthesis, but also through modifications to interac-
tions between proteins.

We consider a cytoskeletal-membrane interaction to be a spe-
cialised fast-acting switch of the structural and functional state of
hibernator RBCs as an adaptive mechanism in response to hypother-
mia, hypermetabolism and, most notably, acidosis.

The key finding of this study is that specialised structural and
functional properties of cells from cold-tolerant animals can be
revealed by the differences in the responses of these cells when
temperature is decreased.

We believe that structural and functional rearrangements of RBCs
have received comparably little attention when the considering
mechanisms of adaptation in hibernating mammals. A detailed char-
acterisation of these will facilitate an understanding of methods for
adaptation to unfavourable conditions, which will be of benefit to the
biomedical sciences.
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In this work, the effects of 1 mol/L glycerol or sorbitol on the thermal dependence (27-47 °C) of the lysis of
human erythrocytes by ethanol in saline solution (0.154 mol/L NaCl) have been evaluated. Lysis was
monitored by measurement of the absorbance at 540 nm. Ethanol produced either lysis or protection against
lysis depending on the conditions. These antagonistic effects are attributed to the existence of expanded (R)
and compacted (T) erythrocytes, present under conditions of low and high osmolarity, respectively. The
transitions of lysis of the R state and formation and lysis of the T state were all found to be sigmoidally

gzr}vligi;tes defined. The ethanol concentration at the midpoint of the lysis transition of the R state (Dsor) was found to
Ethanol decrease with increasing temperature and osmolarity. In the presence of glycerol or sorbitol, an increase in
Membrane stability temperature led to smaller decreases in Dsor and osmotic protection against lysis. The ethanol concentration
Osmolytes at the midpoint of formation (Ssor) and lysis (Dsor) of the T state also decreased with increasing temperature
Temperature and osmolarity. Lysis of R state erythrocytes is determined by the chaotropic action of ethanol, but the

formation and lysis of T state erythrocytes are determined by osmotic pressure effects.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The lipid bilayer that constitutes a biological membrane is
primarily stabilized by the hydrophobic force, which compels the
hydrophobic tails of phospholipids to join together. Secondary
stabilization is provided by van der Waals attractive forces, which
keep these groups gathered together in the anhydrous interior of the
membrane, and by hydrogen bonds formed between the polar heads
of the phospholipids and water, both within the cell and at its external
surface [1,2]. The cytoplasmatic membrane constitutes the first cell
target that suffers damage caused by external denaturing agents such
as heat or ethanol. Heat increases the vibrational energy of chemical
groups, favoring rupture of the non-covalent bonds that stabilize the
native structure of the biological complex. Ethanol specifically
decreases the intensity of the hydrophobic force by solvating the
apolar groups that were hidden inside the native structure of the
biological complex [3].

Abbreviations: R, population of erythrocytes in the expanded or relaxed state; T,
population of erythrocytes in the tight or compacted state; Dsor, ethanol concentration
that promoted 50% lysis of the R state erythrocytes; Ssor, concentration of ethanol that
promoted 50% stabilization of the erythrocytes; Dsqy, concentration of ethanol that
promoted 50% lysis of T state erythrocytes; saline, 0.154 mol/L NaCl.

* Corresponding author. Tel.: +55 34 3218 2203x23; fax: +55 34 3218 2203x24.

E-mail address: nspenha@ufu.br (N. Penha-Silva).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.002

The mechanisms that living organisms use to combat denaturation
include the controlling of osmotic pressure through the production
and storage of osmostabilizing solutes, known simply as osmolytes,
such as glycerol (1,2,3-propanetriol) and sorbitol (1,2,3,4,5,6-hexane-
hexol) [4,5]. The origin of the effects of glycerol and sorbitol on the
stabilization of proteins has been extensively investigated, generally
on the basis of thermodynamic considerations. The way in which
these solutes stabilize a protein does not involve any direct interaction
with it, merely the exclusion of other solutes from the hydration shells
close to the macromolecule [6]. The equilibrium between the native
(N) and unfolded (U) states of the protein is shifted in the direction of
the more compact hydrated state (N). Hydration involves the ex-
penditure of free energy; since the N state has a smaller external
surface than the U state, the N state is stabilized relative to the U state
[6-12]. However, the origin of the stabilizing effect of osmolytes on
biological membranes does not seem to be presented in this way in
the literature, although osmostabilization is a biotechnological pro-
cedure used in the cryopreservation of erythrocytes and other cells
[13-18].

The shape of an erythrocyte is determined by a combination of
factors, namely the membrane structure and conformation as well as
the composition and physicochemical properties of the internal and
external media. Shape alterations are associated with changes in the
curvature of the lipid bilayer [19-21] and in the conformation of the
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membrane skeleton network [22,23]. In a physiological medium,
erythrocytes are stabilized in a discocyte shape, in which their
membranes have the minimum conformational energy in relation to
the constraints imposed by the external conditions, and the minimum
cell volume and area [24,25]. Modifications in the internal medium are
responsible for shape and property changes in erythrocytes [26];
sickle cell anemia and other hemoglobinopathies are living proof of
this fact. Changes in the membrane composition also alter the area
and the spontaneous curvature of the lipid bilayers [27-29]. The
increase in stability in the membranes of erythrocytes with aging [30]
may be a consequence of changes in their composition.

The composition and physicochemical properties of the external
medium also affect the conformation [20,28,31] and properties [32-
35] of the erythrocyte membrane. Glycerol converts biconcave
erythrocytes into cells with membrane internalizations (stomato-
cytes). Ethanol converts biconcave erythrocytes into cells with
externalizations (echinocytes). Both of these solutes decrease the
surface area with the formation of smooth spheres [28].

Ethanol is also capable of promoting the lysis of erythrocytes,
which has been attributed to the denaturing of membrane proteins
[36]. The capacities of ethanol to generate stable erythrocytes and also
to promote hemolysis constitute a paradox that can be explained in
terms of its respective actions as an osmolyte and as a chaotropic
agent. The action that prevails depends on several factors, such as the
concentration of the ethanol, the presence of other osmolytes, and the
temperature [37].

In an attempt to establish a correlation between the effects of
stabilizing and denaturing agents on proteins and erythrocytes, a
theoretical model was proposed whereby the shapes of erythrocytes
under physiological conditions were considered as belonging to a
morphological state named the relaxed state (R), whereas osmolarly
contracted erythrocytes were considered as belonging to a tight state
(T) [37]. In the present work, this model has been used in order to
interpret the effects of glycerol and sorbitol on the lysis of

erythrocytes induced by ethanol at different temperatures (27-47 °C).

2. Experimental
2.1. Chemicals

Absolute ethanol (PA, 99.3% v/v) and glycerol (ACS grade, 99.8%)
were purchased from Quimex (Sdo Paulo, SP, Brazil) and USB
(Cleveland, Ohio, USA) and utilized without further purification.

2.2. Equipment

Reagents were weighed using a digital balance (AND, model 870)
and volumes were determined using refractory glass burettes or
automatic pipettes (Labsystems, model Finnpipette Digital). Thermal
control of incubations was achieved by means of a thermostatted
water bath (Marconi, model MA 184, Piracicaba, SP, Brazil). Absor-
bance measurements were made on a Micronal UV/Vis spectro-
photometer (model B-442, Sdo Paulo, SP, Brazil).

2.3. Blood sample collections

This work was previously approved by our institutional ethics
committee. The blood samples (5 mL) were collected in evacuated
flasks containing 50 pL of 25 mmol/L K,EDTA from the antecubital vein
of healthy young males after 8-12 h of fasting.

2.4. Stability of human erythrocytes
To evaluate the effects of glycerol and sorbitol on the stability of

human erythrocytes in a saline medium, we used a set of Eppendorf
flasks containing 1 mL aliquots of solutions containing between 0 and

5 mol/L glycerol or 0 and 1.5 mol/L sorbitol in 0.154 mol/L NaCl (saline
solution), which were pre-incubated in a water bath (27, 32, 37,42, and
47 °C) for 10 min. To evaluate the effects of the ethanol concentration
(in a saline solution under physiological conditions) on the behavior of
human erythrocytes, we prepared a set of Eppendorf flasks containing
1 mL aliquots of 0 to 6.8 mol/L ethanol in saline, which were pre-
incubated in a water bath (27, 32, 37, 42, and 47 °C) for 10 min. To
examine the influences of 1 mol/L glycerol and 1 mol/L sorbitol on the
effect of ethanol on the human erythrocytes, we prepared two further
sets of Eppendorf flasks containing 1 mL aliquots of 0 to 6.8 mol/L
ethanol and 1 mol/L glycerol or 1 mol/L sorbitol in saline, which were
also pre-incubated in a water bath (27, 32, 37,42, and 47 °C) for 10 min.
After pre-incubation, 25 pL aliquots of blood were added, and the
mixtures were homogenized, incubated for 30 min, and centrifuged at
the temperature of each experiment for 10 min at 1300 g. Thereafter,
the absorbance of each supernatant was read at 540 nm (As4o) against
respective individual control solutions with the same composition but
without the blood sample. The Eppendorf flasks were kept hermeti-
cally sealed during the course of the experiments.

2.5. Analytical methods

Calculations, data manipulations, and statistical analyses were
performed using the applicative OriginPro 7.5 software (Microcal Inc.,
Northampton, Massachusetts, USA). In assessing the lysis transitions,
the dependences of the absorbances at 540 nm (A) on the ethanol
concentrations (D) were adjusted to sigmoidal lines according to the
Boltzmann equation:

A - Ay

A=1 T e(XXs0)/AX

+A2 (1)

where A, and A, represent the mean absorbance values at the first
and second plateaus of the sigmoid, X is the ethanol concentration,
Xs0 is the ethanol concentration at the midpoint of the sigmoid, and
AX represents the amplitude of the sigmoidal transition between A
and A,. For the lysis transitions of the R and T morphological states of
the erythrocytes, Xso was defined as Dsor and Dsqr, respectively. For
the stabilization transition, X5o was defined as Ssor. The percentage of
hemolysis in each tube was calculated by multiplying its absorbance
value by 100 and dividing by the mean maximum absorbance in each
experiment. The height of the stabilizing curve was designated as Ps,
and was obtained from the difference between A; and A, for the
stabilization transition.

2.6. Statistical methods

Each sigmoidal fitting was considered valid only for p<0.05. The
thermal dependences of the transition midpoints (Dsor, Ssor, and
Dsor), obtained in the absence or presence of 1 mol/L osmolyte
(glycerol or sorbitol), were analyzed by linear regression, with p<0.05
indicating statistically significant fittings.

3. Results

The incubation of human erythrocytes for 30 min in 1 mol/L
glycerol or sorbitol in a 0.154 mol/L NaCl solution (control) produced
only negligible lyses at the temperatures employed. At 37 °C, As4o
displayed a dependence on the glycerol concentration that could be
described by the equation As40=0.008+0.015 [glycerol] (mol/L) up to
3.28 mol/L glycerol; thereafter, there was an acceleration in the lysis
rate that could be described by the equation As4o=-1.81+0.571
[glycerol] (mol/L). At 37 °C, As4 varied with the sorbitol concentration
according to the equation Ass=0.0209+0.077 [sorbitol] (mol/L).
Under our experimental conditions, the hemolysis induced by glycerol
or sorbitol never exceeded 2% or 3%, respectively. In fact, incubation of
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Fig. 1. Dependence of the percentage of hemolysis on the ethanol concentration in physiological-like saline solution at 37 °C. Plot A represents the ethanol-induced lysis of the
morphological R state of the erythrocyte. This transition is characterized by the ethanol concentration that promotes 50% hemolysis (Dsor) in the R state of the erythrocytes. Plot B
represents the ethanol-induced generation of a stabilized T state in the erythrocytes, characterized by its midpoint transition (Ssor), followed by an ethanol-induced lysis of this

stabilized T state, characterized by its midpoint transition (Dsgr).

erythrocytes with 7.53 mol/L glycerol for 30 min produced just 2%
hemolysis at 20 °C [28].

The effect on human erythrocytes of saline solutions of ethanol
was followed by monitoring the dependence of As4o on the ethanol
concentration (Fig. 1). It is important to state that these results were
obtained from fixed-time incubations (30 min) of human blood with
solutions containing increasing concentrations of ethanol in
0.154 mol/L NaCl. They do not represent the effects of titrating
erythrocytes with ethanol.

At low concentrations of ethanol (Fig. 1A), increasing the
chaotropic concentration caused a sigmoidal increase in As4o. This
sigmoid represents the transition of the ethanol-induced lysis for the
erythrocyte population present in 0.154 mol/L NaCl, which was
considered to exist in the so-called R state, in analogy to the expanded
or relaxed state of proteins. This sigmoidal lysis transition was
characterized by the parameter Dsor, which represents the ethanol
concentration capable of producing 50% hemolysis.

At higher concentrations of ethanol (Fig. 1B), a decrease followed
by another increase in As4o were observed, in a trend that constitutes
an inverted Gaussian line. This behavior may be interpreted in terms
of the occurrence of a stabilizing effect of the ethanol, giving rise to a
decreasing sigmoid, followed by the lysis transition of the stabilized
population of erythrocytes, giving rise to an increasing sigmoid. The

4.0
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04 4 — 1 mol/L sorbitol in 0.154 mol/L NaCl
T

T T T T
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D50R/ mol/L Ethanol

Fig. 2. Comparison of the effects of saline solutions of 1 mol/L glycerol and 1 mol/L
sorbitol, in relation to a control saline solution, on the thermal dependence (27-47 °C) of
the stability of the relaxed (R) state of human erythrocytes (Dsor) against lysis by saline
solutions of ethanol. Values represent means+SD (n=6).

Gaussian line (Fig. 1B) is the sum of these sigmoids. The erythrocyte
population present at the base of the Gaussian line, under higher
osmolarity conditions, was considered to be in a state referred to as
the T state, in analogy with the tight or tense state of proteins. The
sigmoidal stabilization transition of the erythrocytes (Fig. 1B) was
characterized by the sigmoid midpoint, Sso, which represents the
concentration of ethanol capable of stabilizing 50% of the erythro-
cytes. The sigmoidal lysis transition of these stabilized erythrocytes
was characterized by the sigmoid midpoint, Dsqr, which represents
the concentration of ethanol capable of promoting 50% lysis of the
stabilized erythrocytes. These transition midpoints (Dsog, Ssor, and
Dsor) were determined at 27, 32, 37, 42, and 47 °C in saline solution
and in saline solutions of 1 mol/L glycerol and 1 mol/L sorbitol. The
thermal dependences of Dsgg, Ssor, and Dsqr are shown in Figs. 2-4,
respectively.

Within the considered thermal interval, the increase in tempera-
ture produced statistically significant decreases (p<0.01) in Dsor
(Fig. 2), Ssor (Fig. 3), and Dsgy (Fig. 4). The decrease in Dsog (Fig. 2) is
probably a consequence of the synergism between the chaotropic
effects of heat and ethanol. If the stabilizing effect of ethanol on
erythrocytes were based on the osmolarity increase promoted by
higher ethanol concentrations (Fig. 1B), then the observed tempera-
ture-dependent reduction in Ssor may be a result of the osmotic

—— 0.154 mol/L NaCl

o ----- 1 mol/L glycerol in 0.154 mol/L NaCl
— 1 mol/L sorbitol in 0.154 mol/L NaCl

1 T T T T T

S50T/ mol/L Ethanol

24 28 32 36 40 44 48
Temperature / °C

Fig. 3. Comparison of the effects of saline solutions of 1 mol/L glycerol and 1 mol/L
sorbitol, in relation to a control saline solution, on the thermal dependence (27-47 °C) of
the generation of the stabilized Tstate (Ssor) of human erythrocytes by saline solutions of
ethanol. Values represent means+SD (n=6).
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Fig. 4. Comparison of the effects of saline solutions of 1 mol/L glycerol and 1 mol/L
sorbitol, in relation to a control saline solution, on the thermal dependence (27-47 °C) of
the stability of the Tstate of human erythrocytes (Dsor) against lysis by saline solutions of
ethanol. Values represent means+SD (n=6).

pressure augmentation produced by heat (Fig. 3). Since the increase in
temperature also leads to a decrease in Dsqy, the osmotic pressure
increase caused by the actions of heat and the ethanol osmolarity
must also be an important factor in the lysis of the T erythrocytes. The
incorporation of 1 mol/L glycerol or sorbitol also produced sig-
nificant reductions in the values of Dsgy (Fig. 2), Ssor (Fig. 3), and Dsgp
(Fig. 4) in relation to the control saline solution, indicating that these
osmolytes enhance the effects induced by the increase in the ethanol
concentration.

The optical density changes at 540 nm, allied to the stabilizing
effect (Ps) of ethanol on the erythrocytes, were analyzed as a function
of temperature (Fig. 5). Were the inverted Gaussian line in Fig. 1B to
actually represent a stabilization effect, then Ps would represent the
amount of erythrocytes that are stabilized by ethanol. In the absence
of other osmolytes and at 37 °C (Fig. 1B), Ps corresponded to about 70%
stabilization of the erythrocytes and displayed no dependence on
temperature (p>0.05). In the presence of glycerol or sorbitol, Ps was
directly related to the temperature (p<0.01), which indicates that the
amount of stabilized erythrocytes was reduced with the decrease in
temperature in the presence of these substances (Fig. 5).

4. Discussion

4.1. Model for the morphological stabilization of human erythrocytes by
ethanol

We believe that the effects observed upon adjusting the variables
considered in this work can best be explained in terms of a
morphological stabilization model (Fig. 6) as was first described
elsewhere [37]. According to this model, erythrocytes may exist in two
basic morphological states, an expanded or relaxed state (R) and a
contracted or tight state (T). Each state may be composed of several
different shapes. Whereas the R state may comprise discoid and other
related shapes of the erythrocytes, the T state may include solvent-
induced contracted shapes [28].

The R and T states of the erythrocytes exist under conditions of low
and high osmotic pressure, respectively. An increase in the osmotic
pressure at the exterior of the erythrocytes would lead to the exclusion
of inner water, with a consequent transition from the R to the T state.
This transition would stabilize the erythrocyte against the action of
chaotropic agents. The T state would be stable under these high
osmotic pressure conditions due to a strengthening of the van der
Waals attractive forces in the membrane lipid bilayer as a result of the
erythrocyte tightening. This morphological state conversion is cer-
tainly related to the membrane microvesicles released, as reported
elsewhere [20,28,31].

According to this model (Fig. 6), erythrocytes in the R state would
suffer the chaotropic action of ethanol (route 1) or would be converted
into the T state with increasing osmotic pressure up to a critical value
(route 2). Route 2 would only be activated by an intermediate elevation
in the ethanol concentration. More substantial elevations in the
ethanol concentration would activate route 3, leading to T state lysis.
Thus, the R erythrocytes would be lysed by the ethanol chaotropic
action (route 1), while T cells would be vulnerable to a combination of
the chaotropic and osmotic pressure effects of the solution (route 3).

Evidence in support of this model is discussed in the following.

4.2. Effects of ethanol on human erythrocytes

In aqueous solutions, ethanol decreases the dielectric constant and
the intensity of the hydrophobic force, and also increases the osmotic
pressure of the system. For a given concentration of ethanol, its net
effect on the erythrocytes will be a consequence of the combination of
these actions. The effect that prevails depends on several factors, such
as the ethanol concentration, the presence of other solutes, and the
temperature.

The action of ethanol, which is a chaotropic agent for proteins, is
based on its capacity to attenuate the hydrophobic force and to better
solvate the hydrophobic side chains of amino acids [2,12,38,39]. In the
same way, ethanol lessens the hydrophobic force and weakens the van
der Waals contacts that stabilize the membrane lipid bilayer, promoting
escape of the phospholipids and their dispersion in the solvent.

At low ethanol concentrations in the interval studied (Fig. 1A), its
net result is lysis of the R erythrocytes, as represented by route 1 in
Fig. 6. The influence of the osmotic pressure in determining this
chaotropic action of ethanol is of little consequence, since similar
concentrations of glycerol and sorbitol, in the absence of ethanol, did
not promote significant hemolysis under our experimental conditions.

On further increasing the ethanol concentration, the sigmoidal
increase in lysis is followed by a decrease therein. A similar effect on the
lysis of erythrocytes has been observed in response to increases in
psoralen concentration (in ethanol solutions) [32]. Since this transition
is dependent on an osmolarity gradient, it may be attributed to the
increase in the osmotic pressure. The decline in lysis with increasing
ethanol concentration was also described by a sigmoid, but with a less
abrupt transition between the initial and final plateaus (Fig. 1B). This is a
good indication that ethanol acts by other cooperative mechanisms
in this case. These mechanisms may comprise processes such as the
segregation of membrane lipids, with formation of membrane

0.94 m ——0.154 mol/L NaCl
0 8—. O ----- 1 mol/L glycerol in 0.154 mol/L NaCl
T A 1 mol/L sorbitol in 0.154 mol/L NaCl

P,/ AOD

0.0
24 28 32 36 40 44 48
Temperature / °C

Fig. 5. Comparison of the effects of saline solutions of 1 mol/L glycerol and 1 mol/L
sorbitol, in relation to a control saline solution, on the thermal dependence (27-47 °C) of
variation in the optical density (Ps) associated with the stabilization of human
erythrocytes by a saline solution of ethanol. Values represent means+SD (n=6).
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Fig. 6. Schematic representation of the actions of ethanol on erythrocytes in saline solution. Erythrocytes may exist in an expanded (R) or a compacted (T) morphological state. Each
morphological state may represent an ensemble of different shapes. Low concentrations of ethanol promote lysis of the R state (route 1). Intermediate concentrations of ethanol
promote conversion of the R erythrocytes to the T state (route 2) by increasing the osmotic pressure. High concentrations of ethanol promote lysis of the T state (route 3).

projections [40] or protrusions [29,41], followed by vesiculation and the
generation of smooth spherocytes [28].

Hemolysis decline (Fig. 1B) displays a stabilization region at the
bottom of the inverted Gaussian curve. The ethanol concentration in this
region is around that at which erythrocytes have been described as
smooth spheres with decreased surface areas [28]. Volume reduction
has also been reported for the incubation of erythrocytes with osmolytes
[15] or even with ethanol [42]. The erythrocytes would then pass from
the R to the T state by the activation of route 2 (Fig. 6). This erythrocyte
tightening will promote approximation of the membrane lipids, with
intensification of the van der Waals attractive forces and stabilization of
the erythrocytes under these conditions of high osmolarity.

Since such a decrease in the surface area is associated with an
increase in the osmotic gradient, a reasonable reason to justify its
occurrence is the exclusion of water from the cell interior. However,
lipophilic solutes such as ethanol have a known capacity to suppress the
permeability to diffusional water in red blood cells due to the net effect
of two opposing actions: the reduction of channel-mediated perme-
ability, associated with the denaturation of aquaporins, and the increase
in lipid-mediated permeability, probably associated with the formation
of aqueous leaks in the membrane hydrophobic barrier [33]. An increase
in osmotic pressure will exacerbate the removal of water by this second
action of ethanol. Since this process involves the compression of the
erythrocyte membrane into a smaller volume, the formation and release
of membrane microvesicles may occur as a natural consequence.

In the presence of higher ethanol concentrations, above a critical
limit a combination of the chaotropic action with the osmotic pressure
elevation will lead to T state lysis, as predicted in route 3 of Fig. 6.

4.3. Thermal dependence of the effects of ethanol on human erythrocytes

Since the osmotic pressure is directly dependent on the tempera-
ture, an increase in temperature will lead to an exacerbation of the
effects determined by the osmotic pressure, in such a way as to favor
routes 2 and 3 (Fig. 6). Indeed, an increase in temperature led to
decreases in Ssor (Fig. 3) and Dsgr (Fig. 4).

A part of the observed effect is also a consequence of the classical
action of heat as a denaturing agent. Heat increases the vibrational energy

of the chemical groups, which weakens the non-covalent attractive forces
between them. The observed decrease in the Dsor values is a logical
manifestation of this effect. It is perfectly reasonable to assume that the
increase in temperature leads to a weakening of the non-covalent bonds
of the membrane, thereby favoring lysis by the action of ethanol.

This means that heat also has a dual effect on this system. On the
one hand, it increases the osmotic pressure, which favors the
formation of the T state and the attraction of the groups in the
lipid bilayer of the membrane. On the other hand, heat increases the
vibration of the chemical groups, which weakens the attractive forces
in the membrane. The net result of this complex system depends on
the contribution of each individual factor.

In the absence of glycerol and sorbitol, and at low ethanol
concentrations, an increase in temperature favors denaturation of
erythrocytes by exacerbation of route 1 (Fig. 6), which is confirmed by
the inverse dependence of Dsor on the temperature (Fig. 2). In this
situation, the chaotropic actions on the system (ethanol and heat)
prevail, with exacerbation of route 1 (Fig. 6).

4.4. Thermal dependence of the effects of ethanol on human erythrocytes
in the presence of glycerol or sorbitol

At low concentrations of ethanol, glycerol and sorbitol potentiated
the chaotropic action of ethanol on the R state erythrocytes, although
this chaotropic synergism decreased as the temperature was
increased (Fig. 2). In the presence of glycerol or sorbitol, the thermal
dependence of Dsgr is less pronounced than it is in the absence of
these osmolytes. This is consistent with the fact that the presence of
the osmolytes reduces the denaturation of the R state caused by the
temperature increase (Fig. 2). At low ethanol concentrations, the
incorporation of osmolytes makes the chaotropic effect of the system
(ethanol and heat) less accentuated than the osmolarly based
stabilization of the erythrocytes (route 2), thus disfavoring route 1.

Between the limits of 0 and 3.28 mol/L glycerol and 0 and 1.5 mol/L
sorbitol, these osmolytes produced only negligible lysis in human
erythrocytes under our experimental conditions. This behavior is in
agreement with the stabilizing action on biological organization
complexes described for these solutes [15,17,28,43-49]. The presence
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of glycerol or sorbitol also decreased the thermal dependence of Ssqr in
relation to the control saline solution (Fig. 3). This indicates that glycerol
and sorbitol favor the formation of the T state through route 2 (Fig. 6).

The dependence of Dsor on the glycerol concentration was found
to follow a decreasing sigmoid [37]. This is a good indication that
glycerol acts through cooperative mechanisms, which may comprise
vesiculation and the generation of smooth spherocytes
[21,28,29,31,50]. Whatever the nature of these mechanisms, they are
strongly related to the osmotic pressure.

In the absence of glycerol or sorbitol, the amount of erythrocytes
that was stabilized was around 70% (Fig. 1B), and this was not affected
by the change in temperature since Ps displayed no dependence
on temperature (Fig. 5). These results relate to fixed-time (30 min)
incubations of human blood with pre-incubated experimental solu-
tions at the temperature of each assay, in contrast to previous studies
[28], in which erythrocytes were titrated with aliquots of the solvent
at regular intervals to avoid osmotic injury.

If the protecting effect had been solely based on the action of
osmotic pressure, one might have expected the amount of stabilized
erythrocytes to decline with decreasing temperature. The absence of
such a dependence of Ps on temperature means that ethanol must
antagonize some membrane properties, such as fluidity or dielectric
behavior, that change with the decrease in temperature. In fact,
membrane dielectric behavior displays temperature dependence [34]
and ethanol is capable of modifying the dielectric properties of the
solution and also of the erythrocyte membranes [28].

In the presence of glycerol or sorbitol, however, Ps decreased
significantly with the decrease in temperature (Fig. 5). This may mean
that glycerol and sorbitol antagonize the mechanism by which ethanol
stabilizes erythrocytes as the temperature is decreased. Conversely, an
enhancement of Ps with temperature would indicate that glycerol or
sorbitol favor the mechanism by which ethanol stabilizes these cells
with increasing temperature (osmotic pressure).

The reason why the amount of ethanol-stabilized erythrocytes
does not constitute 100% of the cell population may be due to
competition between the chaotropic (route 1) and stabilizing effects
(route 2) of the alcohol, probably due to kinetic differences between
routes 1 and 2. This is a matter that requires further evaluation.

For the population of T erythrocytes, the presence of glycerol or
sorbitol increases their denaturation. However, the slope of the plot of
the thermal dependence of Dsgr does not change substantially in
relation to that of the control saline solution (Fig. 4). The stabilized
erythrocytes (T) are already at the critical osmotic pressure, beyond
which an increase in temperature will not stabilize them further. In
this situation, an increase in temperature will increase the osmotic
pressure, but with a net destabilizing effect on the erythrocytes and an
exacerbation of route 3 (Fig. 6). Differences observed between the
behaviors of glycerol and sorbitol (Figs. 2-4) may be attributed to the
low permeability of the erythrocyte membranes to sorbitol [17,46].

The higher stability of the compacted Tstate in relation to the relaxed
R state of the erythrocytes may be helpful in understanding the effect of
osmolytes on proteins. According to the preferential hydration theory
originally used to explain the stabilization of proteins by glycerol
[5,7,8,12,51], the exclusion of glycerol from the inner hydration shell of
proteins would demand a larger amount of free energy to promote
hydration of the unfolded (U) state than of the folded (N) state. Thus, the
presence of the osmolyte should stabilize the N state in relation to the U
state by increasing the energy barrier to the interconversion of these
states, making the transition U—N more probable than the transition
N—U. This explanation has also been used to rationalize the stabilizing
effect of osmolytes on chromosomes [52].

As Nature uses the same osmolytes to stabilize different biological
organization complexes (proteins, chromosomes, and membranes) in
the same kind of hydrophilic environment, this suggests that a single
explanation may be valid to rationalize the observed effects in all
situations.

We believe that the exclusion of water followed by a tightening of
the erythrocytes, promoted by an increase in the osmotic pressure,
may be sustained by an increase in the magnitude of the van der Waals
attractive forces in the membrane lipid bilayer. In the same way, it is
possible that water exclusion promoted by an increase in the osmotic
pressure in the external phase may enhance the van der Waals
attractive forces inside a protein, which would surely stabilize its N
state.

5. Conclusions

Depending on the osmolarity of the solution, erythrocytes are
present in morphological states called expanded (R) and tight (T).
Under conditions of low osmolarity, the erythrocytes are in the R state
and suffer lysis by relatively low concentrations of ethanol. In the
presence of higher concentrations of ethanol, the erythrocytes are in
the T state. The addition of glycerol or sorbitol, or an increase in the
temperature (27-47 °C), produce increments in the osmotic pressure
of the solution, and act synergistically with ethanol in promoting the
formation and lysis of the T state erythrocytes.
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ABSTRACT

Plasma protein-mediated attractive interaction between membranes of red blood cells (RBCs) and
phospholipid vesicles was studied. It is shown that (3,-glycoprotein I (3,-GPI) may induce RBC discocyte—
echinocyte-spherocyte shape transformation and subsequent agglutination of RBCs. Based on the observed
B2-GPl-induced RBC cell shape transformation it is proposed that the hydrophobic portion of [3,-GPI
molecule protrudes into the outer lipid layer of the RBC membrane and increases the area of this layer. It is
also suggested that the observed agglutination of RBCs is at least partially driven by an attractive force which
is of electrostatic origin and depends on the specific molecular shape and internal charge distribution of
membrane-bound (,-GPI molecules. The suggested (3,-GPI-induced attractive electrostatic interaction
between like-charged RBC membrane surfaces is qualitatively explained by using a simple mathematical
model within the functional density theory of the electric double layer, where the electrostatic attraction
between the positively charged part of the first domains of bound 3,-GPI molecules and negatively charged

Bridging force

glycocalyx of the adjacent RBC membrane is taken into account.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Certain proteins that are present in plasma and are able to attach to
the membrane surface were found to mediate interactions between
phospholipid-containing structures such as cell membranes, micro-
vesicles and lipoproteins [1,2]. It was shown that (,-glycoprotein I
(B2-GPI) that is the major antigen for antiphospholipid antibodies in
patients with antiphospholipid syndrome(APS) [3] can attach to the
cell membrane surface [4,5] and induce adhesion between negatively
charged giant phospholipid vesicles [6,7].

B>-GPlis a 50 kD plasma protein (plasma concentration is 200 mg/
ml) that circulates either as a free protein or associated to lipoproteins
[8]. Itis a single-chain protein with 326 amino acids and four N-linked
glycosilation sites [9]. It is composed of four complement control
protein modules and distinctly folding C terminal fifth domain [8].
Although the exact physiological role of 3,-GPI remains unclear, it was
suggested that it may have an important function in blood coagulation
and in the clearance of apoptotic bodies from the circulation [10]. It is
indicated that 3,-GPI is an autoantigen for the production of antipho-
spholipid antibodies and may play an important role in many diseases

* Corresponding author. Tel.: +386 14768 825; fax: +386 1 4768 850.
E-mail address: ales.iglic@fe.uni-lj.si (A. Iglic).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.015

including APS. The interactions of (3,-GPI with phospholipids are
considered crucial for its physiological and pathogenic roles [8].

In most cases the binding of proteins to the membrane surface is
driven by electrostatic forces and/or by penetration of the hydrophobic
protrusions of the proteins into the lipid bilayer [12,13]. Experiments
have demonstrated that (3,-GPI interacts with anionic phospholipids
[8], such as cardiolipin and phosphatidilserine. While both the first and
the fifth domains of 3,-GPI exhibit lipid binding properties [11,8], the
fifth domain is the principal phospholipid binding domain of 3,-GPI
[11]. It contains a sequence of positively charged (lysine) residues,
which enable an electrostatic interaction with anionic phospholipids
[8]. The hydrophobic protrusion of the fifth domain embedded in the
outer membrane lipid layer additionally contributes to the binding of
B2-GPI to the outer membrane surface [3].

In this work we study the B,-GPI-induced interactions between
the negatively charged membranes of red blood cells (RBCs). Since 35~
GPI induces the discocyte-echinocyte RBC shape transformation we
assume that the hydrophobic protrusion of membrane-bound (3,-GPI
protrudes in the outer layer of the RBC membrane, similarly as in the
case of the binding of (3,-GPI to giant phospholipid vesicles. The
observed [3,-GPI-induced attractive interaction between membranes
of RBCs is qualitatively explained by using a simple mathematical
model within the functional density theory of the electric double
layer, where the specific molecular shape and the internal charge
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Fig. 1. RBC shape transformation and agglutination induced by progressive attachment
(binding) of B,-GPI to the outer surface of RBC membrane (A to D; Al to D1 are
magnified regions of A to D) as observed by Olympus GWB BH-2 microscope at high
volume density of RBCs in the suspension. Black arrow in figure A points to a giant
phospholipid vesicle, white arrow in figure D points to a large complex of adhered RBCs.
White arrow in figure B points to echinocyte type I-II. Echinocyte type IIl in figure C is
also marked by white arrow. Black arrows in figures C and D mark spherocytic RBCs.

distribution of membrane-bound (,-GPI molecules is taken into
account.

2. Experimental methods
2.1. B>-GPI

>-GPI (Hyphen BioMed, France) was aliquoted and stored at
=70 °C. In all experiments, the final concentration of (3,-GPI was
180 mg/1, which is within the physiological range of concentration of
B2-GPI in human plasma.

2.2. Isolation of red blood cells

5 ml of blood was drawn from the authors by venipuncture into
heparinized tubes and left at room temperature for 10 min. RBCs were
isolated as previously described [14]. In detail, RBCs were washed
three times in ice cold wash buffer(145 mM NaCl, 5 mM KCl, 4 mM
Na,HPO,4, 1 mM NaH,PO,4, 10 mM glucose, 1 mM MgSO,4-7H,0,1 mM
CaCl,-2H,0) by subsequent centrifugations at 1500 xg, 750 xg and
250 xg (Centrifuge DR15, B. Braun Biotech International) at 4 °C for

10 min. After the first centrifugation plasma and buffy coat were
removed and the pellet was resuspended in 10 ml of wash buffer. After
the last centrifugation RBCs were resuspended in the wash buffer of
the initial blood volume and finally diluted to the cell density of
1.65-10° cells/ml. RBCs were stored at +4 °C and used within 10 h.

2.3. Treatment of red blood cells with (3,-GPI

RBCs were diluted 200 times in wash buffer. 5 ul of RBC aliquot was
then mixed with 45 pl of the aqueous sugar solution (125 mM glucose,
75 mM sucrose) and placed in the observation chamber (final
concentration 8.25-10° RBCs/ml). After approximately 15 min, when
RBCs settled down onto the objective microscope glass slide, 5 pl of
2-GPI (ionic strength=102 mmol/l) was added to the solution. For
control 5 ul of wash buffer or 5 pl of phosphate buffered saline (PBS)
(ionic strength =102 mmol/l) was added to the suspension of RBCs. In
another experiment 5 pl of 3,-GPI (ionic strength=102 mmol/l) was
added to the suspension containing 5 pl of RBCs and 45 pl of giant
phospholipid vesicles. The experiments were performed at room
temperature, the final ionic strength was 24 mmol/l, pH of experi-
mental system was 7.4.

2.4. Observation of red blood cells

The observation chamber was placed onto microscope stage of
Olympus GWB BH-2 microscope (magnification 2000x) with inter-
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Fig. 2. Agglutination of 3,-GPIl-induced spherocytic RBCs at low volume density of RBCs
in the suspension. White arrows point to complexes of RBCs, i.e. chains of self-
assembled spherocytic RBCs. Dotted arrow points to RBCs which are not fully
agglutinated but are close together. Black arrows point to the negatively charged
phospholipid vesicles. Some spherocytic RBCs are attached to giant phospholipid
vesicle surface (figure C). Olympus GWB BH-2 microscope was used in observations.
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Fig. 3. Schematic figure of RBC shape transformations due to the preferential intercalation of surface-active molecules (detergents, proteins) into the outer layer of the membrane
bilayer. At high concentrations of echinocytogenic molecules budding (exovesiculation) and release of spherical or tubular vesicles starts (see also [19,27] and references therein). As a

result the RBCs are transformed into spherocytes.

ference contrast optics. Images were taken with Olympus Camedia C-
3040Z0OO0OM digital camera.

2.5. Giant phospholipid vesicles

Giant phospholipid vesicles were prepared at room temperature
(23 °C) by the modified electroformation method originally proposed
by Angelova et al. [15] as described in [7]. The synthetic lipids
cardiolipin(1,1'2,2'-tetraoleoyl cardiolipin),POPC(1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine), and cholesterol were pur-
chased from Avanti Polar Lipids, Inc.

3. Results and discussion

Fig. 1 shows the RBC shape transformation induced by the addition
of 3,-GPI to RBC suspension. After the addition of 3,-GPI in RBC
suspension the natural discocyte RBCs (marked by white arrows in
Fig. 1A) gradually start to change to the echinocyte RBCs type I-II
(marked by white arrow in Fig. 1B) and the echinocyte RBCs type III
(marked by white arrow in Fig. 1C).

The echinocytes type I-II have a discoid shape with spikes slowly
protruding out of RBC membrane. When more and more molecules of
B2-GPI diffuse into the region of observed RBCs the RBCs change from
discoid to spherical shape of echinocyte type III. Finally the echinocyte
shape of RBC is transformed into a sphere (marked by black arrows in
Fig. 1C, D), when the membrane microexovesicles are released from
RBC membrane [16,17]. As shown in Figs. 1 and 2 3,-GPI induces RBC
spherocytes agglutination if they come close enough together. RBCs
may also adhere to the bottom of the observation chamber.

It has been shown that the stability of the echinocyte shape is
primarily determined by the competition between the membrane
bilayer Helfrich-Evans bending energy and the membrane skeleton
shear energy [18,19]. The echinocyte shape is additionally modulated by
nonhomogeneous lateral stretching of the membrane skeleton [20-22]
and by nonhomogeneous lateral distribution of the membrane
constituents (lipids and proteins) and membrane nano domains
[24,23]. In the early experiments it was already shown that the normal
discoid shape of RBCs may be transformed into spiculated echinocyte
shape [25] by the addition of substances which intercalated preferen-
tially into the outer membrane leaflet [26]. At high concentration of
echinocytogenic molecules budding and microexovesicle (spherical
ortubular) release from membrane surface starts [23,27-29], leading to
spherocytic shapes [19,27] (Fig. 3).

Based on the observed [,-GPIl-induced discocyte-echinocyte-
spheroechinocyte RBC shape transformation we propose that the
hydrophobic protrusions of membrane-bound (,-GPI molecules [3]
are embedded in the outer membrane layer of RBC membrane
(Fig. 4) and thereby increase the relaxed area difference between the
areas of membrane lipid layers AAq [30,31,26,32]. Consequently, the
discocyte-echinocyte-spherocyte shape transformation is induced
(Fig. 3) [18,19,22].

As it can be seen in Fig. 1, the RBCs in the suspension do not change
their shape all at once and/or completely. This is probably because of
slow partition of 3,-GPI in RBC membranes due to time-dependent
local concentration of unbound [,-GPI which increases gradually
because of 3,-GPI diffusion. Therefore, it is possible to observe all the
stages of discocyte-echinocyte shape transformation in the same
small region of RBC suspension (see for example Fig. 1C): effect on
morphology of RBC (data not shown). The agglutination of (3,-GPI
treated RBCs probably depends on the proximity factor. Two RBCs will
agglutinate if they come close enough together. In this case the
formation of complexes consisting of many RBCs will occur (white
arrow in Fig. 1D). In highly diluted RBC suspension RBCs seldom come
close together. As a consequence the RBC complexes consist of only
small number of RBCs (see Fig. 2).

Fig. 2 also shows the agglutination of RBCs to the negatively
charged surface of POPC-cardiolipin-cholesterol vesicles (black
arrows in Fig. 2C points to the phospholipid vesicles). In the lower
left corner of Fig. 2C we can see the complex of phospholipid vesicles
tightly attached to each other. Similarly, as in the case of RBCs, the
agglutination between negatively charged surfaces of vesicles was
also induced by B3,-GPI (Fig. 2C).

B2-GPI is a J-shaped molecule composed of five domains (Fig. 4)
[3,33]. The part of the first domain and the part of the fifth domain of
B2-GPI are predominantly positively charged. Both of them bind to
negatively charged lipid surfaces [11,8]. It was indicated that in
liposome systems the 3,-GPI binds to phospholipid membranes in two
phases [34]. The initial fast phase when (3,-GPI binds to membrane
surface was assumed to be primarily driven by the electrostatic
interactions between positively charged fifth domain of 3,-GPI and
negatively charged head groups of membrane lipids. The first phase
thus strongly depends on the content of negatively charged membrane

1&1&%&& % &? o

Fig. 4. A hypothetic scheme of 3,-GPI attached to the outer surface of the red blood cell
(RBC) membrane containing negatively charged glycocalyx. The hydrophobic protru-
sion of the attached protein which is embedded in the outer lipid layer is also shown.
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Fig. 5. Schematic presentation shows two different regimes regarding the distance between the two RBC membrane lipid bilayer surfaces with attached 3,-GPI molecules: h>2D

(left) and h<2D (right).

lipids, while the second slower phase does not substantially depend on
the percentage of the negatively charged lipids in the membrane and is
accompanied by clustering of (,-GPI and rigidification of the
membrane [34].

In RBC membrane negatively charged lipid molecules are almost
entirely localised in the inner lipid layer of cell membrane. Therefore
the negative charge of the outer surface of RBC membrane is mainly
attributed to negatively charged glycocalyx (see [35,36] and refer-
ences therein).

Based on the analogy to the above proposed mechanism of (3,-GPI
binding to the negatively charged surface of liposomes we assume
that also in the case of RBCs the binding of 3,-GPI to RBC membrane is
at least partially mediated by the electrostatic attractive interaction

between the positively charged part of the fifth domain of 3,-GPI and
the negatively charged groups of glycocalyx. The binding of 3,-GPI to
the outer surface of RBC membrane may be additionally promoted by
the hydrophobic loop on the fifth domain of 3,-GPI which protrudes
in membrane lipid bilayer.

On the basis of our experimental results we suggest that the ob-
served 3,-GPI-induced adhesion of negatively charged membranes of
RBCs is mediated by the electrostatic attractive interaction between
the positively charged part of the first domains of bound B,-GPI
molecules and the negatively charged glycocalyx of the adjacent RBC
membrane. Our hypothesis is additionally supported by the experi-
mental results which showed that the first domain of 3,-GPI binds to
negatively charged lipid surfaces [11,8].
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Fig. 6. Free energy AF=F(h)-F(h— ) as a function of the distance h for different values of 07: 0.01 As/m? (a), 0.008 As/m? (b), 0.006 As/m? (c), 0.004 As/m? (d) and 0.002 As/m? (e).
The length of the 3,-GPI molecule D=10 nm (see also Fig. 5). Values of the effective surface charge density at the outer lipid surface 0=-0.01 As/m?. Salt concentration in the bulk

solution ng/Na=25 mmol/l, where N4 is Avogadro's number.
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Fig. 7. Adhesion strength AF(h=D)/A as a function of the bulk salt concentration (1no/Na)
for 07, =0.006 As/m?.The values of other model parameters (D, ) are the same as in Fig. 6.

However, it should be stressed that the proposed attractive Coulomb
(charge-charge) interactions between positively charged part of the first
domain of membrane-bound [(,-GPI molecules and the negatively
charged glycocalyx groups of the adjacent RBC membrane are not the
only possible electrostatic interactions responsible for 3,-GPI-mediated
agglutination between like-charged RBC membrane surfaces. In general,
also the charge-dipole and dipole-dipole electrostatic interactions [37]
between lipids and [3,-GPI may contribute to (3,-GPI-induced adhesion
between like-charged RBC membrane surfaces.

In the following we shall describe the possible mechanism of
electrostatic attraction between the positively charged part of the first
domains of membrane-bound (3,-GPI molecules and the negatively
charged glycocalyx of the adjacent RBC membrane more in detail. In
our simple theoretical model the volume charge distribution of the
positively charged first domain of membrane-bound 3,-GPI is in the
first approximation described by a positively charged surface (with
the surface charge density o) at a distance D away from the outer
bilayer surface (see also Figs. 4 and 5). In the model the distance D is
approximately equal to the length of 3,-GPI molecule ~10 nm [3,33].

In glycocalyx the carboxyl groups of sialic acid molecules are mainly
responsible for its negative charge. The mean number of sialic acid
molecules per RBC varies from 1 to 4-107 [38,35,39]. Using the value
A=150 m? for the surface area of RBC the value o~1-4-1072 As/m? is
obtained for the effective surface charge density of outer RBC
membrane surface. However, because of the volume charge distribu-
tion of glycocalyx the magnitude of the corresponding outer mem-
brane surface potential is smaller as it would be in the case of planar
charge distribution of glycocalyx [40,35,36]. Therefore and because of
the positive charge of membrane-bound (3,-GPIs' fifth domains we
take in the model that the effective surface charge density of outer RBC
membrane surface (0) is at the lower limit of the above estimated
range of the values for the effective membrane surface charge density
(0<1072 As/m?).

In accordance with above assumptions and simplifications we
describe the electrostatic interaction between the membranes of RBCs
by two interacting electric double layers generated by two planar
charged surfaces. In the model the space between the charged surfaces
is filled with electrolyte (salt) solution. The space charge distribution
due to phospholipid molecules and glycocalyx is described by the
effective surface charge density of the two interacting charged surfaces
(0). The positive charge of the tips of 3,-GPI molecules bound to both
surfaces is represented by two additional charged surfaces (with the
surface charge densities 07) at distance D from each of the membrane
bilayer surfaces (Fig. 5).

If the distance between the membrane bilayer surfaces (h) is larger
than 2D, the space between both membrane bilayer surfaces can be
divided into three different regions 0<x<a, a<x<(h-a)and (h-a)<x<h
(see Fig. 5). If h>2D the value of a is equal to D, while in the case h<2D
the value of a depends on h and is always smaller than D (Fig. 5).

The linearized Poisson-Boltzmann (PB) theory overestimates the
electrostatic free energy of the electric double layer [41]. Nevertheless,
to keep our model traceable we adopt the result of the linear PB
theory, i.e. the electrostatic potential ¥(x) in the system was calculated
from the linearized PB (LPB) equation: V2p=k4@, where ©=eW/kT is
dimensionless electrostatic potential and x3! = \/eweokT/(2nge) is
the Debye length. Here ¢,, is the dielectric constant of the aqueous
solution, ¢g is the permittivity of free space, ng is the number density
of cations and of the anions in the bulk solution (assuming a 1:1 salt
such as NaCl), and ey is the unit charge.

Due to the symmetry of the system we are searching for the
solution of LPB equation only in the region 0<x<h/2(see Fig. 5). Thus,
the solution of LPB equation can be written as:

¢=A exp (—xgX)+B exp (kgx), 0<x=<a, (1)

¢=C exp (—xgX)+D exp (kqX), a<x<h/2, (2)

where the constants A, B, C and D were determined analytically from
the boundary conditions (c%) (x =0) = —geg/eweokT, d(x=0a-)=d(x=a.),
92 (x—a) =92 (x=a,) + oreo/ewokT and 92 (x = h/2) = 0. Includ-
ing also the configurational entropy of the anions (j=1) and cations
(j=2) of the salt dissolved in the water between both planar lipid surfaces,

we can write the free energy of the system in the form [42,41,43]:

b /O.h (;8%0 <31(£1:>2+](Tji (nj In (:—é) — (nj - no)>) dx,
®3)

where ny=ng exp (¢(x)) and ny=ng exp (¢ (x)) are the number densities
of anions(j=1) and cations (j=2) in the salt solution, ng is the number
density of the anions and cations in the bulk solution (i.e. outside the
space between the planar lipid surfaces). The bulk solution (outside the
space between the membrane) provides a suitable reference also for
electric potential ¢y =0 (see also [43]).

Fig. 6 shows the free energy AF=F(h)-F(h— ) of the system as a
function of the distance (h) between the two adjacent membrane
surfaces with attached 3,-GPI molecules. As it can be seen in Fig. 6 the
free energy AF first increases with decreasing inter membrane distance
h until h=2D. For h<2D the value of AF decreases with decreasing h until
the absolute minimum of AF at h=D is reached. The results presented in
Fig. 6 reflect the fact that the two adjacent membranes with bound 3,-
GPI molecules repel each other for h>2D. However, when the energy
barrier at h=2D is crossed, the force between two membranes becomes
strongly attractive leading to the equilibrium distance at h=D where the
positively charged first domains of bound [B,-GPI molecules and
negatively charged glycocalyx of the opposite membrane of the adjacent
RBC are in close contact (Fig. 6).

Fig. 7 shows the strength of the B,-GPI-mediated electrostatic
adhesion between negatively charged RBC membrane surfaces (AF
(h=D)/A) (see also Fig. 6) as a function of the bulk salt concentration
(no/Na). It can be seen in Fig. 7 that the absolute value of the adhesion
strength AF(h=D)/A strongly decreases with increasing ionic strength.
This is in accordance with our experimental observations (data not
shown) which indicate that capability of 3,-GPI to induce agglutina-
tion of RBCs decreases with increasing ionic strength. The observed
decreased degree of 3,-GPIl-induced agglutination of RBCs at higher
ionic strength may be partially also the consequence of altered
(reduced) B,-GPI binding to negatively charged RBCs at higher ionic
strength (see also [49]).
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In our experiments the bulk ionic strength in final RBC suspension
was around 24 mmol/l corresponding to Debye length 2 nm. The
number of bound B,-GPI molecules for echinocytes of type IIl can be
roughly estimated from theoretically predicted value of the relaxed
area difference between the two membrane monolayers (AAp). By
taking into account AAg=3 um? [19,22,44] and that the area of the
cross-section of 3,-GPI hydrophobic protrusion is around 1 nm? [34] it
follows that the number of the bound [3,-GPI is of the order of 10°. This
means that the average distance between the membrane-bound f3,-
GPI for echinocytes of type Ill is around 5 times larger than the Debye
length (=2 nm). In the case of spherocytes the average distance
between the membrane-bound 3,-GPI molecules is smaller since the
area density of membrane-bound [3,-GPI molecules must be higher
(see [19,45]). However, also in this case the average distance between
bound B,-GPI molecules is still larger than Debye length. Despite
relatively large average distance between bound (3,-GPI molecules we
believe that the main predictions of our electrostatic model are still
qualitatively correct since the average distance between negative
electric charges of the RBC membrane(in glycocalyx) is much smaller
(see also [40]).

Our experimental system substantially differs from the blood in in
vitro conditions. Plasma was removed in repeated washing procedures
and the experimental solution was added. Therefore in experimental
solution the conditions are different than in plasma. Plasma contains
also other constituents such as proteins, lipoproteins and small ions.
Some of the plasma components as for example LDL nano particles
which bear net negative electric charge [46] may bind 3,-GPI molecules
[47]. Therefore the effect of 3,-GPI on RBC membrane may be abolished
or reduced by other plasma constituents. Also, the effects of other
plasma constituents (beside (3,-GPI) on RBC adhesion are not known. In
blood (in in vivo conditions) the adhesion of discocytic RBCs is also
prevented by blood flow. If the velocity of blood flow is relatively high,
RBCs elongate and move with the flow, while if the velocity of blood flow
is low (such as in the vicinity of vessel bifurcations or geometry changes)
RBCs adhere to each other and may form rouleaus (see for example [48]).

4. Conclusions

In the presented work we studied (3,-GPI-mediated attractive
interaction between RBCs and the resulting agglutination of RBCs. It
was suggested that the observed 3,-GPI-induced attractive interaction
between the two adjacent RBC membranes is at least partially of
electrostatic origin where the specific molecular shape and the internal
charge distribution of membrane-bound (3,-GPI molecules may play a
decisive role. The proposed [(3,-GPI-mediated attractive interactions
between two adjacent like-charged RBC membranes was qualitatively
explained by using the functional density theory of the electric double
layer.

The B»-GPl-induced attractive interactions between negatively
charged membranes were studied also in mixed suspensions of RBCs
and POPC-cardiolipin-cholesterol vesicles, where we observed the
adhesion of RBCs to the negatively charged surface of POPC-
cardiolipin—cholesterol vesicles (Fig. 2B, C). This results are in accor-
dance with the previous experimental results which showed that the
first domain of 3,-GPI binds to negatively charged lipid surfaces [11,8]
and support our hypothesis that the observed [,-GPl-induced
adhesion between negatively charged membranes of RBCs is at least
partially mediated by electrostatic attraction between the positively
charged part of the first domains of bound (3,-GPI molecules and the
negatively charged glycocalyx of the adjacent RBC membrane. A
similar mathematical model of membrane electrostatics that was used
to theoretically explain 3,-GPI-induced agglutination of RBCs can also
be applied in the case of 3,-GPI-induced agglutination of RBCs to the
lipid vesicles.

Beside the direct influence of membrane-bound proteins on the
membrane electrostatics and attraction forces between equally charged

adjacent membranes, the membrane-bound proteins can also modify
the membrane bending rigidity [34,50]. Changed bending rigidity may
affect fluctuations of the membrane and in this way also the
agglutination process between the adjacent membranes [51].
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A simple and rapid voltammetric method has been developed for the quantitative determination of
coenzyme Qqo (CoQ;p) in pharmaceutical preparations. Studies with differential pulse voltammetry (DPV)
were carried out using a glassy carbon electrode (GCE) in a mixed solvent containing 80 vol.% acetic acid and
20 vol.% acetonitrile. A well-defined reduction peak of CoQ;o was obtained at -20 mV vs. Ag/AgCl. The
voltammetric technique applied provides a precise determination of CoQo using the multiple standard
addition method. The statistical parameters and the recovery study data clearly indicate good reproducibility

Keywords:

Co}énzyme Qo and accuracy of the method. The accuracy of the results assessed by recovery trials was observed to be within
Acetic acid the range of 101.1% to 102.5%. The detection and quantification limits were found to be 0.014 mM (12 mg L")
Acetonitrile and 0.046 mM (40 mg L™'), respectively. An analysis of real samples containing CoQ;, showed no

Differential pulse voltammetry
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interferences with common additives and excipients, such as unsaturated fatty acids and soya lecitine. The
method proposed does not require any pretreatment of the pharmaceutical dosage forms. A spectro-
photometric determination of CoQo in real samples diluted in mixtures containing ethanol and n-hexane

was also performed for comparison.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Coenzyme Qqq (2,3-dimethoxy-5-methyl-6-decaprenyl-1,4-benzo-
quinone, CoQo) is a fat soluble, vitamin-like quinone commonly
known as ubiquinone or ubidecarenone. This naturally occurring
compound fulfils several biological functions in a living cell. It par-
ticipates in electron and proton transport and ATP synthesis in the
mitochondrial respiratory chain [1]. In this process, ubiquinone is
reduced to ubiquinole (CoQ;oH;) via semiubiquinone radical
(CoQqoH"). Ubiquinone is located in the cellular membranes and thus
prevents several compounds and ions from getting out of the cell [2,3].
CoQ;0H>, the fully reduced form of coenzyme Qo, exerts important
effects against the oxidative damage of polyunsaturated fatty acids.
The antioxidative activity of CoQ;oH, was found to be lower in com-
parison with that of vitamin E [4-8]. In addition, the antioxidant
functions of coenzyme Qo reveals in the synergistic interaction with
a-tocopherol by regenerating it from its oxidized form — a-tocophe-
roxyl radical [2,4,8-12], and thus protects cells against peroxidative
damage. It is to be noted that CoQ, is known to be the only endoge-
nously synthesized lipid soluble antioxidant [13]. However, the
biosynthesis of ubiquinone decreases with age and the deficiency of
this species cause cardiac disorders, blood circulation and neurode-
generative diseases [13,14]. Therefore, their treatment involves phar-
maceutical supplementation or an increased consumption of
coenzyme Q;o with meals.

* Tel./fax: +48 41 349 70 44.
E-mail address: smich@pu.kielce.pl.

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.004

The great biochemical importance of coenzyme Qo causes that
the electrochemical properties of this compound have been widely
investigated. Owing to the strong hydrophobicity of CoQy, its elec-
trochemical investigations were performed mainly from adsorbed
layers in aqueous solutions (biphase electrochemistry) using pyr-
olytic graphite [15,16], glassy carbon [17], carbon-paste [18] and
mercury electrodes [19-21] or in such organic solvents as methanol
[22], acetonitrile [23,24], dimethylphormamide (DMF) and dimethyl-
sulphoxide (DMSO) [25]. A cathodic reduction of CoQ;o to CoQ;oH, in
acidic, neutral and weak alkaline aqueous solutions occurs in two
one-electron one-proton stages with CoQoH" as a primary product.
Moreover, it is irreversible. This radical is unstable and undergoes
disproportionation. In contrast to that, only one-stage two-electron
reversible reduction was observed in a strong alkaline medium
[15,16]. The products of the reduction of ubiquinone in this medium
are charged species, i.e. CoQioH™ and CoQfo. The electroreduction of
CoQ;o to CoQqoH, incorporated in self-assembled phospholipids [20]
or phosphatidylcholine [21] monolayers were investigated by
Moncelli et al. in phosphate and borate buffers over the pH range
from 7 to 9.5. The reduction of this compound takes place via the
reversible uptake of one electron with the formation of semiubiqui-
none radical anion CoQj followed by the rate determining the pro-
tonation of this anion with formation of CoQ;oH". This neutral radical
is more easily reduced than CoQ;o yielding ubiquinol. In organic
solvents, ubiquinones undergo two successive one-electron reduc-
tions to form radical anions and dianions. If proton donors are pre-
sent in aprotic solvents, then the electron transfers are followed by
the homogenous protonation reactions [23-25].
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Recently, we investigated the cathodic reduction of coenzyme Q;o
and CoQg on a glassy carbon electrode (GCE) in acetic acid containing
20 vol.% acetonitrile (AN) and 0.5 M CH3COONa as a supporting elec-
trolyte using cyclic potential-sweep voltammetry (CV) [26]. The addi-
tion of acetonitrile and the use of reasonably high concentration of salt
enhanced the electric conductivity of the solutions tested and dimi-
nished the IR potential. Preliminary tests showed that AN does not
change the course of cyclic voltammetric curves. A single-stage catho-
dic reduction of CoQ;¢ and CoQq was shown to occur, which results in a
well-shaped peak at potentials about —50 mV vs. Ag/AgCl. When the
direction of polarization was reversed, one anodic peak at about
400 mV was observed. Considering the results obtained, we claimed
that the cathodic peak corresponds to the quasireversible, diffusion
controlled by two consecutive one-electron one-proton steps giving
unstable semiquinone radicals (CoQqoH") as primary products. Elec-
trode reactions occur with the potential inversion i.e. E§ <E3', which
means that the second electron transfer is thermodynamically more
facile than the first. Nevertheless, the kinetics of the second electron
transfer is relatively sluggish. Consequently, semiubiquinone radicals
can undergo electrochemical disproportionation. This reaction results
in a decrease of the anodic peak in comparison to the cathodic one.

Since ubiquinone is of great importance, it is necessary to investi-
gate CoQqo in real samples. This species has been determined mainly
by high-performance liquid chromatography (HPLC) with different
methods of detection: diode-array UV-Vis (DAD) [27-29], electro-
chemical (ECD) [29-33] or mass spectrometry (MS) [34]. The HPLC
methods showed clear advantages over other techniques due to their
separation ability and specify. Thus, they are regarded as suitable for
the quantification of CoQ;q at low concentration in complicated ma-
trix, e.g. human serum or plasma. The main problems involved in
using such methods are the need for derivatisation or time-consuming
multisolvent extraction procedures, slightly expensive instrumenta-
tion and high running costs. Being faster, simpler and less expensive
than chromatography, spectrophotometry is also applied for the de-
termination of coenzyme Q. In the case of real samples, the direct
reading of absorbance from the spectra cannot give satisfactory results
due to the large overlap of the spectra and requires an initial sepa-
ration of analyte or an application of derivative spectrophotometry.
The derivatisation of spectra eliminates the influence of the matrix
and thus can be successfully applied to determine CoQ;o in pharma-
ceuticals and plasma [35,36]. European Pharmacopoeia [37] recom-
mends the use of liquid chromatography with spectrophotometric
detection at 275 nm or spectrophotometry for the identification and
determination of CoQ;o in pharmaceutical dosage forms. Electroana-
lytical methods can be an alternative for HPLC and spectrophoto-
metric techniques in the determination of CoQ. These techniques are
not, however, often applied in laboratory practice. The main problems
involved in using these methods are the strong hydrophobicity of the
analyte and the flexibility to adsorption at the electrode. The solvent
applied should dissolve both hydrophobic organic compounds and
their matrix (e.g. vegetable oils), as well as a necessary supporting
electrolyte. Long et al. [38] used simultaneous EPR/electrochemistry to
determine CoQ;g in real samples diluted in ethanol-water mixtures.
This method is based on the measurements of the radical intermediate
(ubisemiquinone) formed during the reduction of CoQ;q at the silver
electrode by in situ EPR spectroelectrochemical techniques. The ability
of CoQqo for the adsorption on mercury electrodes was applied to
determine this analyte using differential pulse voltammetry [39,40]. In
recent years Litescu et al. [41] proposed a simple, sensitive and
accurate voltammetric method with the use of a glassy carbon elec-
trode (GCE)) to determine CoQqo in commercially available capsules.
Experiments were carried out in a hexane/methanol (1:2 v/v) mixture
containing 0.12 M H,SO4 as a supporting electrolyte. However, the
determination of ubiquinone in real samples performed by the stan-
dard addition method required four consecutive steps of compound
extraction with hexane, followed by the appropriate dilution.

To our knowledge, acetic acid has not been used as a medium
to determine ubiquinone. In comparison to other organic solvents
(eg. acetonitrile alone), this solvent exhibits an ability to dissolve
both hydrophobic organic compounds and a large amount of their
matrix (e.g. vegetable oils) as well as a necessary supporting elec-
trolyte. In addition, acetic acid can denature peptides and, there-
fore, one of many components of matrix can be removed from the
analyzed sample. This procedure can facilitate the quantitative
analysis of real samples. In addition, this solvent guarantees a good
stability of the analyte and their matrix. In our recent works acetic
acid was successfully employed as a medium to investigate the anodic
oxidation of tocopherols [42], synthetic antioxidants such as BHQ,
BHA and BHT [43] and in the voltammetric determination of o-
tocopheryl acetate in pharmaceutical dosage forms [44].

Recently the cathodic reduction of coenzyme Q9 and CoQq on a
glassy carbon electrode (GCE) in acetic acid containing 20 vol.% aceto-
nitrile and 0.5 M CH3COONa as a supporting electrolyte was reported
[26]. Considering obtained results, a simple, rapid, reproducible and
accurate voltammetric method was developed to determine of CoQq
in pharmaceutical preparations. The results were compared with
those obtained using the spectrophotometric method according to the
European Pharmacopoeia [37] procedure.

2. Experimental
2.1. Reagents

Chemicals used were coenzyme Qo (CoQ1o) pract., >98%, (Sigma-
Aldrich), sodium acetate, CH3COONa, anhydrous, fractopur (Merck) and
oleic acid p.a. (Fluka). Acetic acid p.a. ACS, indifferent against chromic
acid (Merck) and acetonitrile (AN) p.a. anhydride (Merck) were
employed as solvents in all electrochemical experiments. Solutions for
spectrophotometric measurements were prepared using ethanol, dried,
>99.8% (Merck) and n-hexane ultra resi-analyzed (Baker).

Soft gel capsules from Vita Care (Jeno-Pharm A/S Stege, Danmark),
Bioqunone (Pharma Nord Aps, Danmark), Walmark (Chech Republik),
Naturell AB (Swedish) and Naturcaps (Hasco-Lek S.A., Poland) were
obtained from commercial sources. Each capsule contained 10, 15 or
30 mg of coenzyme Q;o mixed with different excipients such as soya
lecithin, soya oil, glycerol, gelatine, glucose syrup and magnesium
stearate. Two preparations (Bioquinone and Naturell AB) additionally
contained a-tocopherol as an antioxidant.

2.2. Apparatus

Voltammetric experiments were carried out with a three-electrode
cell in which the glassy carbon electrode (GCE) of 1 mm in diameter,
A=7.85x10"2 cm? (Mineral, Warsaw) and platinum wire were used as
a working electrode and a counter electrode, respectively. All poten-
tials were measured and reported against the external silver chloride
reference electrode with 1 M NaCl solution. The reference electrode
was isolated from the test solution by a frit of Vicor Glass. The surface
of the working electrode was polished on fine emery paper, and then
with 0.3 pm alumina powder slurry on a polishing cloth. Finally, the
electrode was rinsed with water and dried before use.

All voltammetric experiments were performed using a Model EA9C
electrochemical analyzer (Entech, Cracow) and controlled via PC
computer using software EAGRAPH Version 4.0. The software used
was equipped with a program for semiautomatic determination of the
quantification limit based on the error propagation method [45].
Another program provided an analytical determination by the stan-
dard addition technique.

The absorption spectra were recorded with a double-beam Specord
M500 UV-Vis spectrophotometer (Carl Zeiss, Germany) equipped with
quartz cells of 1 cm light path and connected to the computer for data
acquisition. The decomposition of spectra of real samples into
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appropriate constituents and the isolation of spectra corresponding to
CoQ;p was carried out using program Origin.
All measurements were carried out at room temperature (22+1 °C).

2.3. Preparation of test solutions

Standard solutions for electrochemical experiments were prepared
by dissolving a suitable amount of coenzyme Qo in a mixed solvent
containing 80 vol.% glacial acetic acid and 20 vol.% acetonitrile. The
stock solution was stored in the dark and cool. An aliquot of this
solution was appropriately diluted with the same mixed solvent and
CH3COONa was added as a background electrolyte. The final sample
solutions contained CoQ, in the concentration range of 0.36-1.0 mM
and 0.5 M CH3COONa.

Solutions for testing the proposed voltammetric determination of
coenzyme Qo using multiple standard addition method were
prepared in 100 mL volumetric flask by dissolving about 30 mg of
the analyte in a mixed solvent containing 0.5 M CH3COONa as well as
about 500 mg of oleic acid taken as a hydrophobic matrix for CoQyq.
The amount of oleic acid corresponds with the mean concentration of
excipients accompanying CoQ;o in real samples.

The solutions of real samples were prepared from commercially
available capsules containing CoQ;o and other components. Since the
CoQ,o concentration in capsules is usually high, only one capsule was
opened with a scalpel, and its content was quantitatively transferred
into a 100 mL volumetric flask and dissolved in a mixed solvent
containing 0.5 M CH3COONa. The content of the flask was sonicated
for about 15 min and then diluted to the mark with the same mixed
solvent. In order to remove insoluble particles and denaturated pep-
tides from the solutions, they were next filtrated through an ordinary
filtration paper. The solutions were directly analyzed according to the
proposed procedure without the need for another pretreatment or
extraction steps. All stock solutions were stored in the dark and cool.

Test solutions were deoxygenated before voltammetric measure-
ments by ultrasonication and then by purging with a stream of solvent-
saturated argon of high purity (>99.99%).

Solutions of real samples for spectrophotometric determinations
were prepared according to the European Pharmacopoeia [37]. The
content of one capsule was quantitatively transferred into a 50 mL
volumetric flask, 1.0 mL of hexane was added and diluted to the mark
with ethanol. The content of the flask was sonicated for about 15 min.
The solutions were next filtrated through an ordinary filtration paper.
In order to measure the absorbance not exceeding about 0.6, the
solutions were diluted to suitable concentration with ethanol.

3. Results and discussion

In our recent publication [26] we reported that CoQyq is reduced at
GCE in acetic acid containing 20 vol.% AN and 0.5 M CH5COONa as a
supporting electrolyte. Several concentrations of AN were investi-
gated, and, it was found that 20 vol.% of this solvent in connection with
the salt of reasonably high concentration provided good electric
conductivity of the solutions and sufficient solubility of the hydro-
phobic components. A larger amount of AN limited the solubility of
the analyte, especially in the presence of a large amount of their
matrix. Preliminary investigations showed that sodium acetate is a
good supporting electrolyte for the reduction of coenzyme Qqo. In
comparison to NaClQ,, this salt provides very good reproducibility of
the results and stability of the solutions of CoQ;, especially of the real
samples containing the hydrophobic matrix. Voltammetric curves
recorded in the presence of sodium perchlorate were not reproduci-
ble. Changes in the peak potentials and peak currents were observed.
This may result from the chemical oxidation of the components of the
solutions by perchlorate ions. This process arises from the high
oxidative power of these ions. Because the lack of the reproducibility
may be due to changes in the composition of solutions, CH;COONa,

instead of NaClO4, was used as a supporting electrolyte. A well-defined
and highly reproducible peak at about -50 mV vs. Ag/AgCl is observed
on cyclic voltammetric curves (Fig. 1) in the presence of sodium
acetate. This peak is attributed to two consecutive one-electron one-
proton electrode reactions.

Following this process, a new voltammetric method was devel-
oped to determine CoQ;o in pharmaceutical preparations. In order to
enhance rapidity, sensibility and selectivity of the proposed method,
differential pulse voltammetry (DPV) was applied. This technique is
considered a convenient method because of the wide range of line-
arity, excellent reproducibility, low experimental costs and the attain-
ment of low quantification limit [46]. In DPV, the peak current
increases with increasing the pulse amplitude (AE) and this improves
the voltammogram shape, but the peak width also increases and
diminishes the signal resolution. The pulse amplitude of 20 mV was
chosen in order to obtain good sensibility and selectivity of the me-
thod. A scan rate of 20 mV s ! and the pulse width 80 ms was chosen
as a compromise between fast recording and good resolution. As can
be seen in Fig. 1, using this technique, a well-defined one cathodic
peak attributed to the reduction of CoQ;o is observed. This peak is
situated at potential —20 mV vs. Ag/AgCl and corresponds with the
peak observed using the cyclic voltammetry (CV).

The applicability of the proposed voltammetric method to deter-
mine CoQ;o was examined by measuring the peak current as a func-
tion of concentration of the analyte. The linearity was checked by
preparing standard solutions for 13 different concentrations of CoQ;o.
As can be seen from Fig. 2, the height of this peak increases with
increasing the concentration of the analyte. It is to be noted that the
peak potential is concentration independent and the peak currents
observed were highly reproducible. The RSD did not exceed 3.5% for
n=10. As can be seen from Fig. 2, the peak corresponding to the
reduction of CoQyg is preceded by a broad peak at about 300 mV. This
peak is independent of the concentration of CoQ;q and exists in all
recorded curves, in a residual current as well (dashed line in Figs. 2
and 3). Its origin is not clear, but it can probably be connected with the
presence of acetate anions in the solutions. It should be noted that this
peak occurs at the curves recorded at a platinum working electrode in
the same potential range. In our previous investigations with the use
of electrochemical quartz crystal microbalance (EQCM) [47] we
claimed that these ions strongly adsorb on the surface electrode and
desorbs in the potential range where the peak mentioned exists. It
seems probable that acetate anions adsorb at GCE at the initial poten-
tial of recorded curves. The cathodic polarization of this electrode
causes desorption and formation of the observed broad peak at about
300 mV.

08
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Fig. 1. Voltammograms of 1 mM CoQ;, recorded at GCE (1 mm diameter) in acetic acid
containing 20 vol.% acetonitrile and 0.5 M CH3;COONa (a) by CV, v=50 mV s~ ' and (b) by
DPV, AE=20 mV, v=20 mV s™ ",
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E/ mV vs Ag/AgCl

Fig. 2. Cathodic reduction curves of CoQ;o recorded at GCE (1 mm diameter) in acetic
acid containing 20 vol.% acetonitrile and 0.5 M CH;COONa by DPV (AE=20 mV,
v=20 mV s~ ') at different concentrations of analyte: (a) 0.36, (b) 0.42, (c) 0.50, (d) 0.62,
(e)0.71,(f) 0.83 and (g) 1.0 mM. Dashed line is residual current. Inset: calibration plot for
CoQ;p obtained by DPV technique.

The calibration graph of the peak current versus concentration was
constructed using data from these measurements and the least-
squares were evaluated using the linear regression method. The
results of the measurements are summarized in Table 1.

The linearity range was found to be up to 1 mM with the coefficient
r=0.9989 (inset in Fig. 2). The calculated limit of the detection value,
LOD=0.014 mM (12 mg L™") with RSD=6.3% was obtained as a S/N
ratio to be 3 [46]. The limit of the quantification (LOQ) value was
determined using a program for the semiautomatic determination of
the quantification limit based on the error propagation method [45].
The LOQ value calculated in this way was 0.046 mM (40 mg L™!) with
RSD=3.8%.

To develop a reliable voltammetric method, a test solution con-
taining CoQ;o and oleic acid taken as a matrix was prepared as de-
scribed above. 5 mL of this solution containing a known amount of the
analyte was added to the electrolytic cell. Then, the electrodes were
immersed and differential pulse voltammograms were recorded. The
multiple standard addition method was applied by spiking (four
spikes for each sample) small volumes of the standard solution of
CoQ;0 (0.376 mg spike™ ). Before the addition of the standard solution
and after each spike, DPV voltammograms were recorded. Three
measurements were performed in the absence and in the presence of

0.2

r=0.9978

1/ pA

E/ mV vs. Ag /AgCI

Fig. 3. DPV voltammograms of 309.0 mg/L (the lowest current peak) and after spiking
the sample 0.376 mg of CoQ;o each time. Test solution contained 0.5 M CH;COONa and
5 g L™! oleic acid (added as a matrix). Dashed line is residual current. Inset: calibration
plot for the quantification of CoQq in test solution. Arrow indicates amount of analyte
determined in this medium.

Table 1
Characteristic of CoQ calibration plot in acetic acid containing 20 vol.% acetonitrile and
0.5 M CH3COONa at glassy carbon electrode using DPV technique

Parameter

Regression equation I, (A)=0.475c (mM)+0.003
Standard error of slope 0.006

Standard error of intercept 0.004

Correlation coefficient, r 0.9989

Linearity range, mM 0.12-1.0 (100-860 mg/L)
Number of data points 13

LOD, mM 0.014 (12 mg/L)

LOQ, mM 0.046 (40 mg/L)

the added standard. Only the mean of measured currents was
considered. The reduction peak currents were measured from residual
current baseline. This current was estimated from the voltammogram
of oleic acid sample without CoQ1. Fig. 3 presents responses obtained
and the resulting calibration plot (inset). Changes in the solution
volume were taken into account. As can be seen, the calibration plot
yields good linearity, with a regression coefficient of 0.9982. It is to be
noted that very good reproducibility of the peak potential and the
peak current were observed. The peak potential was stable and the
RSD of peak currents did not exceed 4% for n=10 and for different
concentrations of ubiquinone.

The slope of the standard addition calibration plot was (0.391+0.014)
(uAmM 1), which is lower than that of the standard calibration plot (see
Table 1) thus revealing the matrix effect. Next, the concentration of
coenzyme Qo was determined by linear regression using a program
used in the analytical determination by the standard addition technique.
The determinations were performed for five independent measure-
ments. The statistic analysis of CoQ;o determination in a synthetic
mixture was given in Table 2. The results are given with a confidence
limit calculated for Student's t-test coefficient equal to 95%. The accuracy
of the analysis, named a recovery trial (%R) was determined by calcu-
lating the relative error between the measured mean and the concen-
trations involved. The results obtained are in good agreement with a real
amount of the analyte in solutions tested. The results obtained indicate a
good accuracy of the methodology proposed.

The utility of the developed method was further tested by deter-
mining CoQyo in five commercially available soft gel capsules contain-
ing different amounts of the analyte. The preparation of the solutions
tested was previously described. The analytical procedure was the
same as for the synthetic mixture. Voltammograms recorded in real
solutions are presented in Fig. 4. As can be seen, the peak potentials
changes in comparison with the standard. All these peak potentials are
shifted into the negative direction of the electrode potential. This
indicates that the cathodic reduction of CoQqo in real samples is
hindered by excipients accompanying the analyte. Differences in peak
potentials result from the different composition of the matrix. When
pharmaceutical preparations contained the same components, peak
potentials were identical (curves ¢ and d in Fig. 4). Apart from this,

Table 2
Statistic analysis of assay of CoQ;o in synthetic mixtures determined using differential
pulse voltammetry (DPV)

CoQ,o added, mg CoQ,o found, mg

30.90 30.86
30.90 31.02
30.90 30.98
30.90 31.15
30.90 31.09
Mean, mg 31.02
Standard deviation, mg 0.11
RSD,% 0.36
95% Confidence limit, mg 0.14
%R* 100.4

2 %R=(mean/added)x*100%.
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Fig. 4. DPV voltammograms for CoQ;o recorded in solutions of (a) standard 310 mg L™!
and of real samples containing this coenzyme: (b) Bioquinone (300 mg L™'), (c)
Naturcaps (300 mg L™"), (d) Naturell (300 mg L™!), (e) Walmark (150 mg L™ ') and (f) Vita
Care (100 mg L™ ') Other parameters as in Fig. 2.

appropriate peaks increased linearly with the addition of the standard
solution. Two additional sharp peaks at the potential about 500 mV
can be seen in Fig. 4 (curves b and d). The existence of these peaks can
be attributed to the reduction of the oxidized form of a-tocopherol.
This compound is present in two preparations investigated and fulfils
the antioxidative function preventing the oxidation of hydrophobic
components of the drug. In our recent work [42] we claimed that this
antioxidant undergoes reversible oxidation in acetic acid in this po-
tential range.

The precision and accuracy of the proposed method were inves-
tigated by intra-day and inter-day determinations of CoQ;o in samples
tested. Intra-day accuracy and precision were evaluated by the ana-
lysis of five samples with five determinations per sample in the same
day. The inter-day studies were performed for five days over two
weeks (after 1, 5, 8,11 and 14 days of storage in a refrigerator at 4 °C).
The precision of the analysis was expressed as a relative standard
deviation (%RSD) and the accuracy, named a recovery trial (%R), was
determined by calculating the relative error between the measured
mean and the concentrations labeled. The results obtained for intra-
day and inter-day precision and accuracy are presented in Table 3. As
can be seen, the RSD values of the measurements were not greater
than 1.17% and 1.23% for intra-day and inter-day determinations,
respectively, and the accuracy of determination was not different from
labeled values by more than 2.7%. These results confirm the good
precision and accuracy of the proposed method and indicate that
there is no interference from the common excipients used in the
pharmaceutical dosage forms. Both the intra-day and inter-day repro-
ducibilities of the voltammetric method were fairly good. This indi-
cates that solutions containing pharmaceutical preparations remained

Table 3
Summary of the accuracy and precision of CoQ;o determination in commercial capsules
by differential pulse voltammetry (DPV)

Sample® Amount
labeled (mg)

Intra-day (n=5) Inter-day“(n=5)

Amount R (%) RSD Amount R (%) RSD

found® (mg) (%)  found (mg) (%)
A 30 30.33+0.30 1011 0.80 30.25+0.31 100.8 0.95
B 30 30.61+£0.44 102.0 117 30.51+0.47 101.7 1.23
C 30 30.76+0.17 102.5 045 30.82+0.23 102.7 0.58
D 15 15.11+0.08 100.7 043 15.19+0.10 101.3 0.61
E 10 10.18+0.10 101.8 0.76 10.23%0.15 1023 0.83

2 A — Naturell, B — Naturcaps, C — Bioquinone, D — Walmark, E — Vita Care.

b x=X+t995Sz for n=5 and togs5=2.776 (tabulated). S; denote standard deviation of
mean.

¢ Inter-day precision was determined from five different runs over a 2-week period.

stable for at least two weeks of storage at 4 °C. In this period no
changes were observed in the peak potentials and peak currents. The
peak potentials were stable and RSD of reduction currents of CoQ;q in
all samples did not exceed 4% for n=10. Additional results obtained by
a repeated recording of voltammetric curves in mixtures stored for
over two weeks showed a gradual loss of reproducibility. This may be
due to changes in the composition of solutions resulting in the oxi-
dation of their components. Therefore, for practical reasons the solu-
tions can be kept in a refrigerator up to 2 weeks before analysis.

For comparison, the quantitative determination of CoQ,q in phar-
maceutical dosage forms was also performed by the spectrophoto-
metric method according to the procedure recommended by the
European Pharmacopoeia [37]. The preparation of test solutions was
described above. The spectra of real samples were recorded in ethanol
containing small amounts of hexane. The direct reading of absorbance
corresponded to CoQyo is impossible due to the large overlap of the
spectra of the components. In order to eliminate the influence of the
matrix, the spectra were mathematically transformed using a program
Origin. The spectra corresponded to CoQ;o were analyzed at 275 nm.
The content of the coenzyme was calculated taking the specific absor-
bance to be 169 [37]. This value corresponds with the concentration of
CoQyo equal to 10 g L. Five independent determinations were per-
formed for all samples. The results were statistically examined in the
same way as for voltammetric determinations and are presented in
Table 4.

It should be stressed that the results obtained using the voltam-
metric method are in good accordance with those obtained by the
spectrophotometric method and with the data declared by the manu-
facturer. The statistical comparison of the values obtained by these
methods for the determination of CoQ;o was done by Student's t-test
and the variance ratio F-test. As can be seen from Table 4, the experi-
mental t-values at P=0.05 for samples A, C and D did not exceed the
theoretical ones. This indicates that there are no significant differences
between the results obtained by the proposed voltammetric and re-
ference spectrophotometric methods. Only in the two preparations
investigated (B and E) statistical differences between the means were
observed. These differences may arise from an especially large overlap
of the spectra of the components in these preparations. This causes
the difficulties in the isolation of spectra corresponding to CoQ;o, and,
thus the results of these spectrophotometric determinations can be
less accurate. A comparison of the calculated F-values with tabulated
ones indicates that there are no significant differences in precision
between the methods (samples B, C and D) or that the voltammetric

Table 4
Results of the CoQ;o determination in commercial capsules by differential pulse
voltammetry (DPV) compared with a reference spectrophotometric method

Real Amount
sample® labeled (mg)

Amount found (mg)

DPV RSD
method " (%)

Reference  RSD t-test© F-test

method (%)

A 30 30.33:030 0.80 30.37£0.89 237 01180  8.779
(1011%) (101.2%) (<2.306) (>6.388)
B 30 30.61+044 117 29.78+058 163 3.077 1.837
(102.0%) (99.3%) (>2.306) (<6.388)
c 30 30.76£017 045 30.67£0.33 0.88 0.6630  3.803
(102.5%) (102.2%) (<2.306) (<6.388)
D 15 1511+0.08 043 1525:022 111 1728 6.760
(100.7%) (101.7%) (<2.306) (>6.388)
E 10 1018+0.10 076 1033011 097 2.650 1677
(101.8%) (103.3%) (>2.306) (<6.388)

The quantities of the drugs expressed as percentage of the label claim (%R) are given in
parentheses.

2 A — Naturell, B — Naturcaps, C — Bioquinone, D — Walmark, E — Vita Care.

b x=X*to9sSz for n=5 and to95=2.776 (tabulated). S denote standard deviation of
mean.

€ Values in parenthesis are tabulated t and F at P=0.05.
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method is more precise (A and E). However, the relative standard
deviations (RSD) of the spectrophotometric results were considerably
higher compared with those obtained by the DPV technique. Diffe-
rences in the amounts labeled and measured means (%R) were usually
higher for the reference method. These results indicate that the accu-
racy and the precision of the DPV method are slightly better than
those of the spectrophotometric one. In addition, the reference me-
thod is considerably more laborious (with respect to the preparation
of a sample and the need of the separation of the spectra corres-
ponded to CoQ) than the developed method.

4. Conclusions

The electrochemical method using differential pulse voltammetry at
a glassy carbon electrode based on the cathodic reduction of coenzyme
Qo was applied in the determination of this species in pharmaceutical
dosage forms. The principal advantages of the proposed method over
the already published chromatographic and spectrophotometric pro-
cedures are the use of nontoxic mixture of solvents containing 80 vol.%
acetic acid and 20 vol.% acetonitrile and the rapidity of analysis that
involves no sample preparation other than dissolving samples and
filtration in order to remove insoluble particles. The analysis of the real
samples containing CoQ;9 showed no interferences with common
additives and excipients, such as unsaturated fatty acids, soya lecithin,
glycerol and glucose syrup. In addition, acetic acid can denature
peptides and therefore one of many components of the matrix can be
removed from analyzed samples. This procedure facilitates the
quantitative analysis of real samples. The results obtained using
voltammetric method are in good accordance with those obtained by
the spectrophotometric method and with the data declared by
manufacturers. The proposed DPV method is slightly more precise. In
addition, the spectrophotometric method is considerably more labor-
ious because of its need of separation of the spectra corresponded to
CoQqo or the initial separation of the analyte from the matrix in time-
consuming extraction steps. Consequently, the above-presented
method is sensitive, rapid, reliable, simple to perform and suitable to
determine coenzyme Qo in pharmaceutical preparations.

Acknowledgements

Thanks are due to Professor J. Malyszko for the helpful discussions
and a critical reading of this manuscript and to Mrs M. Kaczor for her
technical assistance.

References

[1] L. Stryer, Biochemistry, 4rd edn., Freeman, New York, 1995, pp. 564-592.

[2] G.Dalner, PJ. Sindelar, Regulation of ubiquinone metabolism, Free Radic. Biol. Med.
29 (2000) 285-294.

[3] S. Greenberg, W.H. Frishman, Coenzyme Qjo: a new drug for cardiovascular
disease, ]. Clin. Pharmacol. 30 (1990) 596-608.

[4] H. Shi, N. Noguchi, E. Niki, Comparative study on dynamics of antioxidative action
of a-tocopheryl hydroquinone, ubiquinol and a-tocopherol against lipid perox-
idation, Free Radic. Biol. Med. 27 (1999) 334-346.

[5] H. Nohl, L. Gille, A.V. Kozlov, Antioxidant-derived prooxidant formation from
ubiquinol, Free Radic. Biol. Med. 25 (1998) 666-675.

[6] K. Mukai, H. Morimoto, S. Kikuchi, S. Nagaoka, Kinetic study of free-radical-
scavenging action of biological hydroquinones reduced forms of ubiquinone, vitamin
K and tocopherol quinone) in solution, Biochim. Biophys. Acta 1157 (1993) 313-317.

[7] E. Niki, Mechanisms and dynamics of antioxidant action of ubiquinol, Molec.
Aspects Med. 18S (1997) s63-s70.

[8] K. Mukai, A. Tokunaga, S. Itoh, Y. Kanesaki, K. Ohara, S. Nagaoka, K. Abe, Structure-
activity relationship of the free-radical-scavenging reaction by vitamin E (-, 3-, y-, 6-
tocopherols) and ubiquinol-10: pH dependence of the reaction rates, J. Phys. Chem. B
111 (2007) 652-662.

[9] D.A. Stoyanovsky, A.N. Osipov, PJ. Quinn, V.E. Kagan, Ubiquinone-dependent
recycling of vitamin E radicals by superoxide, Arch. Biochem. Biophys. 323 (1995)
343-351.

[10] A. Lass, MJ. Forster, R.S. Sohal, Effects of coenzyme Q;o and a-tocopherol administra-
tion on their tissue levels in the mouse: elevation of mitochondrial a-tocopherol by
coenzyme Q;, Free Radic. Biol. Med. 26 (1999) 1375-1382.

[11] EL. Crane, P. Navas, The diversity of coenzyme Q function, Molec. Aspect Med. 18S
(1997) s1-s6.

[12] S.Nagaoka, Y. Nishioku, K. Mukai, Tunneling effect in the regeneration of vitamin E
by ubiquinol, Chem. Phys. Lett. 287 (1998) 70-74.

[13] L. Ernster, G. Dalner, Biochemical, physiological and medical aspects of ubiquinone
function, Biochim. Biophys. Acta 1271 (1995) 195-204.

[14] E.G. Bliznakov, Cardiovascular diseases, oxidative stress and antioxidants: the
decisive role of coenzyme Q,o, Cardiovasc. Res. 43 (1999) 248-249.

[15] O.S.Ksenzhek, S.A. Petrova, M.V. Kolodyazhny, Redox properties of ubiquinones in
aqueous solutions, Bioelectrochem. Bioenerg. 9 (1982) 167-174.

[16] RS. Schrebler, A. Aratia, S. Sanchez, Electrochemical behaviour of ubiquinone Q10
adsorbed on a pyrolitic graphite electrode, Bioelectrochem. Bioenerg. 23 (1990) 81-91.

[17] K. Takehara, Y. Ide, Electrochemical behavior of the ubiquinone-Q;o film coated
onto glassy carbon electrode by spinner method, Bioelectrochem. Bioenerg. 26
(1991) 297-305.

[18] M. Kawakami, K. Tanaka, N. Uriuda, S. Gondo, Effects of nonionic surfactants on
electrochemical behavior of ubiquinone and menaquinone incorporated in a
carbon paste electrode, Bioelectrochemistry 52 (2000) 51-56.

[19] G.J. Gordillo, D.J. Schiffrin, Redox properties of ubiquinone (UQ;0) adsorbed on a
mercury electrode, J. Chem. Soc., Faraday Trans. 90 (13) (1994) 1913-1932.

[20] M.R. Moncelli, L. Belucci, A. Nelson, R. Guidelli, Electrochemical modeling of
electron and proton transfer to ubiquinone-10 in a self-assembled phospholipid
monolayer, Biophys. J. 70 (1996) 2716-2726.

[21] M.R. Moncelli, R. Herro, L. Becucci, R. Guidelli, Kinetics of electron and proton
transfer to ubiquinone-10 and ubiquinol-10 in a self-assembled phosphatidylcho-
line monolayer, Biochim. Biophys. Acta 1364 (1998) 373-384.

[22] M. Shanshal, K.H. Hassan, Concentration dependence of the polargraphic half
wave potentials of ubiquinone, 0 in aqueous and in methanol solutions with
different concentrations. 3. Physicochemical studies of the solution behavior of
ubiquinone (CoQ), Studia Biophys. 105 (1985) 59-64.

[23] M.E. Marcus, M.D. Hawley, Electrochemical studies of the redox behavior of
ubiquinone-I, Biochim. Biophys. Acta 226 (1971) 234-238.

[24] G. Cauquis, G. Marbach, Influence de divers donneurs de protons sur les propriétés
oxydoréductrices de l'ubiquinone 6 en milieu organique, Biochim. Biophis. Acta
283 (1972) 239-246.

[25] R.C. Prince, P.L. Dutton, ].M. Bruce, Electrochemistry of ubiquinones, FEBS Lett. 160
(1983) 273-276.

[26] S. Michalkiewicz, Cathodic reduction of coenzyme Qo on glassy carbon electrode
in acetic acid-acetonitrile solutions, Bioelectrochemistry 70 (2007) 495-500.

[27] M.T. Rodriguez-Estrada, A. Poerio, M. Mandrioli, G. Lereker, A. Trinchero, M.R. Tosi,
V. Tugnoli, Determination of coenzyme Q10 in functional and neoplastic human
renal tissues, Anal. Biochem. 353 (2006) 150-152.

[28] D.E. Breithaupt, S. Kraut, Simultaneous determination of the vitamins A, E, their
esters and coenzyme Qo in multivitamin dietary supplements using an RP-C30
phase, Eur. Food Res. Technol. 222 (2006) 643-649.

[29] F. Mosca, D. Fattorini, S. Bompadre, G.P. Littarru, Assay of coenzyme Qo in plasma
by a single dilution step, Anal. Biochem. 305 (2002) 49-54.

[30] T. Menke, P. Niklowitz, S. Adam, M. Weber, B. Schluter, W. Andler, Simultaneous
detection of ubiquinol-10, ubiquinone-10 and tocopherols in human plasma
microsamples and as a marker of oxidative damage in neonates and infants, Anal.
Biochem. 282 (2000) 209-217.

[31] P. Niklowitz, T. Menke, W. Andler, J.G. Okun, Simultaneous analysis of coenzyme
Q10 in plasma, erythrocytes and platelets: comparison of the antioxidant level in
blood cells and their environment in healthy children and after oral supplementa-
tion in adults, Clin. Chim. Acta 342 (2004) 219-226.

[32] B. Finckh, A. Kontush, J. Commentz, Ch. Hubner, M. Burdelski, A. Kohlschutter,
Monitoring of ubiquinol-10, ubiquinone-10, carotenoids and tocopherols in
neonatal plasma microsamples using high-performance liquid chromatography
with coulometric electrochemical detection, Anal. Biochem. 232 (1995) 210-216.

[33] A. Galinier, A. Carriere, Y. Fernandez, A.M. Bessac, S. Caspar-Bauguil, B. Periquet,
M. Comtat, ].P. Thouvenot, L. Casteilla, Biological validation of coenzyme Q redox
state by HPLC-EC measurements: relationship between coenzyme Q redox state
and coenzyme Q content in rat tissues, FEBS Lett. 578 (2004) 53-57.

[34] G. Hansen, P. Christensen, E. Tuchsen, T. Lund, Sensitive and selective analysis of
coenzyme Qo in human serum by negative APCI LC-MS, Analyst 129 (2004) 45-50.

[35] J. Karpinska, B. Mikotuc, ]. Piotrowska-Jastrzebska, Application of derivative
spectrophotometry for determination of coenzyme Qo in pharmaceuticals and
plasma, J. Pharm. Biomed. Anal. 17 (1998) 1345-1350.

[36] ]. Karpinska, B. Mularczyk, The analysis of the zero-order and second derivative
spectra of retinol acetate, tocopherol acetate and coenzyme Q;o and estimation of
their analytical usefulness for their simultaneous determination in synthetic
mixtures and pharmaceuticals, Spectrochim. Acta, Part A 60 (2004) 2189-2194.

[37] European Pharmacopoeia 5.0, vol. 2, Council of Europe, Strasbourg, 2004.

[38] Y.T. Long, ZH. Yu, HY. Chen, Determination of coenzyme Qo by in situ EPR
spectroelectrochemistry, Electrochem. Commun. 1 (1999) 194-196.

[39] H. Emons, G. Wittstock, B. Voigt, H. Seidel, Voltammetric trace determination
of ubiquinones at mercury electrodes, Fressenius ]. Anal. Chem. 342 (1992)
737-739.

[40] G. Wittstock, H. Emons, Voltammetric determination of ubiquinone adsorption at
mercury electrodes, Electroanalysis 9 (1997) 449-453.

[41] S.C. Litescu, I.G. David, G.L. Radu, H.Y. Aboul-Enein, Voltammetric determination of
coenzyme Qo at a sold glassy carbon electrode, Instrum. Sci. Technolog. 29 (2001)
109-116.

[42] S. Michalkiewicz, M. Tutaj, M. Kaczor, J. Malyszko, Electrochemical behavior of
tocopherols on microelectrodes in acetic acid medium, Electroanalysis 14 (2002)
297-302.





36 S. Michalkiewicz / Bioelectrochemistry 73 (2008) 30-36

[43] S.Michalkiewicz, M. Mechanik, J. Malyszko, Voltammetric study of some synthetic
antioxidants on platinum microelectrodes in acetic acid medium, Electroanalysis
16 (2004) 588-595.

[44] S. Michalkiewicz, M. Pryciak, ]. Malyszko, ]J. Oszczudlowski, Voltammetric
determination of a-tocopheryl acetate in pharmaceutical dosage forms, Electro-
analysis 16 (2004) 961-965.

[45] G.L. Long, ].D. Winefordner, Limit of detection. A closer look at the IUPAC
definition, Anal. Chem. 55 (1983) 712A-719A.

[46] R. Blanc, A. Gonzales-Casado, A. Navalon, J.L. Vilchez, On the estimate of blanks in
differential pulse voltammetric techniques: application to detection limits
evaluation as recommended by IUPAC, Anal. Chim. Acta, 403 (2000) 117-123.

[47] J. Malyszko, S. Michalkiewicz, D. Goral, M. Scendo, Electrochemical characteristics
of the Mn(III)/Mn(II) and Co(III)/Co(II) systems at platinum in anhydrous acetic
acid solutions, J. Appl. Electrochem. 28 (1998) 107-113.





		Voltammetric determination of coenzyme Q10 in pharmaceutical dosage forms

		Introduction

		Experimental

		Reagents

		Apparatus

		Preparation of test solutions



		Results and discussion

		Conclusions

		Acknowledgements

		References






Bioelectrochemistry 73 (2008) 117-122

I
Contents lists available at ScienceDirect x

EIOEIECTOCHEMISH Y]

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem o

Effects of charged amphiphiles in depolarising solutions on potassium efflux and the
osmotic fragility of human erythrocytes

Anna Wrébel *

Institute of Physics, Wroctaw University of Technology, Wybrzeze Wyspiafiskiego 27, 50-370 Wroctaw, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 1 June 2007

Received in revised form 18 March 2008
Accepted 4 April 2008

Available online 11 April 2008

The effect of the presence of charged amphiphiles during the incubation of human erythrocytes in a sucrose-
substituted low-Cl~ solution on the shift of the osmotic resistance profile and the net K" efflux was
investigated. Osmotic fragility was determined by fitting the complementary error function to the haemolysis
resistance curve. K efflux was calculated from the increase in the K* concentration in supernatant measured
by inductively coupled plasma atomic emission spectrometry (ICP-AES). The cationic amphiphile hexa-
decyltrimethylammonium bromide (CTAB) at 14 uM decreases, whereas the anionic amphiphile sodium
dodecyl sulfate (SDS) at 50 uM increases the shift of the haemolysis resistance curve of erythrocytes
incubated in isotonic sucrose by 0.069 and 0.079 %NaCl, respectively. Both the positively and the negatively
charged amphiphile caused a significant change in the K* efflux into isotonic sucrose solution: CTAB
decreased and SDS increased K efflux by about 40%. In view of the lack of effect of the investigated
compounds on the haemolysis resistance curve and K* efflux from human erythrocytes incubated in isotonic
NaCl solution, these results suggest that the insertion of charged amphiphiles into the erythrocyte membrane
modulates the properties of the K* transport pathway which is activated under low ionic strength (LIS)
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1. Introduction

It has long been known that suspending human erythrocytes in a
sucrose-substituted low-Cl™ solution leads to a significant increase in net
K" efflux. This phenomenon, originally observed by Davson [1], was later
studied by a number of authors [2-5]. Because the replacement of NaCl
by sucrose results in both a change in ionic strength and a change in
transmembrane potential (in physiological solution this being the
Nernst potential for chloride), attempts have been made to explain the
increased K* efflux with regard to both these factors. Many responsible
pathways for this transport have been proposed [2,6-8]. Based on lite-
rature published in recent years, two seem to be involved in the in-
creased K* efflux from human erythrocytes in solutions of low ionic
strength (LIS): the voltage-dependent non-selective cation (NSVDC)
channel [4,5,79-12] and the K'(Na")/H" exchanger [3,8,13,14]. The
electroneutral K*(Na*)/H" exchanger operates independently of mem-
brane potential and is activated by the reduction of ionic strength of the
extracellular medium and subsequent increase in the cation concentra-
tion near the ion-binding site of the carrier [3,8,13]. The NSVDC channel
is activated by a positive membrane potential, as has been demonstrated
by the patch clamp technique [12,15], but the molecular identity of this
channel has not been identified. The importance of the parts played by
these two mechanisms, described as causing the observed increase in K*

* Tel.: +48 71 3203235; fax: +48 71 3283696.
E-mail address: anna.wrobel@pwr.wroc.pl.

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.001

efflux in an LIS solution, is still under discussion [12,13] and the possi-
bility that both pathways are based on the same transporter has been
taken into account. However, the recently published results reported
differential effect of HOE642 on K'(Na*)/H" exchanger and NSVDC
channel provide evidence that at least two independent ion transport
pathways are involved in this phenomenon [16]. Significant enhance-
ment of K* efflux from erythrocytes suspended in sucrose-substituted
low-CI” solution leads to cellular dehydration and shrinkage, causing a
time-dependent shift of the haemolysis resistance curve to lower
osmolarities [5]. This shift of the haemolysis curve can be reduced by the
chloride conductance blocker NS 1652 and completely abolished by
preincubating the erythrocytes with N-ethyl-maleimide (NEM) [5].
Because the pathway for K" efflux is activated by decreasing the con-
centration of CI” in the extracellular medium, there is a possibility that it
might be activated when erythrocytes are incubated in lytic hypotonic
solutions, and this could be an important factor limiting hypotonic
haemolysis [6]. Charged amphiphiles at sublytic concentrations are
known to be potent inhibitors of hypotonic haemolysis [ 17]. On the other
hand, these compounds have been shown to affect erythrocyte mem-
brane permeability [17] and to modulate voltage-dependent cation
pathways in other cells [18,19]. In view of these facts, the aim of this
study was to determine whether charged amphiphiles are capable of
modulating the shift of the haemolysis curve caused by the incubation of
erythrocytes in a sucrose-substituted low-Cl” solution and if this effect is
related to the change in properties of the K* transport pathway activated
under low ionic strength conditions.



mailto:anna.wrobel@pwr.wroc.pl

http://dx.doi.org/10.1016/j.bioelechem.2008.04.001

http://www.sciencedirect.com/science/journal/15675394



118 A. Wrdébel / Bioelectrochemistry 73 (2008) 117-122

2. Materials and methods
2.1. Erythrocytes and solutions

Blood from 22 healthy donors was drawn into vacuum tubes con-
taining EDTA as anticoagulant and was kept at 4 °C until use. All
experiments were performed within 24 h after taking the blood. Erythro-
cytes were separated by centrifugation (2000 xg, 5 min, 4 °C). Plasma and
buffy coat were aspirated and the cells were washed three times in
unbuffered isotonic NaCl solution (154 mM NaCl, 2 mM KCl). After
washing, the final haematocrit of the cell suspension was in the range 60
to 93%. Before measuring osmotic fragility and K" efflux (see below), the
erythrocytes were resuspended in isotonic NaCl or isotonic sucrose
(264 mM sucrose, 2 mM KCl) solutions to a final haematocrit of 9% and
incubated at 37 °C (15, 30, and 60 min) in the presence or absence of the
investigated amphiphilic compounds at sublytic concentrations known
to cause maximal antihaemolytic effect (14 M CTAB and 50 uM SDS). To
check the effect of the size of hydrophobic moiety the erythrocytes from
three donors were incubated in the presence of alkyltrimethylammo-
nium bromides (14 uM) of varying alkyl chain length (12, 14 and 16 carbon
atoms). To check the effect of other depolarising solutions on K" efflux,
erythrocytes from two donors were incubated in isotonic sorbitol
(259 mM sorbitol, 3 mM KCl), isotonic mannitol (250 mM mannitol,
3 mM KCl), and isotonic Na-gluconate (150 mM Na-gluconate, 3 mM KCI).

2.2. Measurement of the osmotic fragility

After incubation the erythrocytes were withdrawn, mixed gently,
and 30 ul of the cell suspension was transferred to 1.5-ml Eppendorf
tubes containing 1.2 ml of NaCl solutions varying in concentration from
0 to 0.9% (w/v). Following 30 min of incubation at room temperature,
the samples were centrifuged (2000xg, 3 min) and the absorbance of
the supernatant was measured at A=540 nm. Osmotic fragility was
determined numerically by fitting the complementary error function
to the experimental haemolysis resistance curve (for details, see the
section “Numerical calculations and statistical analysis”).

2.3. Measurement of net K* efflux

Following incubation of the erythrocytes in the isotonic solutions
(containing 3 mM KCl), the erythrocytes were withdrawn, centrifuged
(2000%g, 2 min), and 300 pl of supernatant were mixed with 2700 pl of
distilled water and kept at —20 °C until measurement. The net K* efflux
was calculated from the increase in the K" concentration in the
supernatant measured by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) at A =766.46 nm, with calibration by a K*
standard in the range of 1-20 ppm.

2.4. Reagents

Inorganic salts, sucrose, sorbitol, and mannitol were of analytical
grade. Na-gluconate, hexadecyltrimethylammonium bromide (CTAB),
sodium dodecyl sulfate (SDS), dodecyltrimethylammonium bromide,
and tetradecyltrimethylammonium bromide were obtained from SIGMA.

2.5. Numerical calculations and statistical analysis
Osmotic fragility was determined according to Orcutt [20] by

fitting the dependence of the fraction haemolysed (FH) vs. the NaCl
concentration with the equation:

FH = pserfc <[NaC;%> (1)

where erfc is complementary error function, p; is the NaCl con-
centration (in %w/v) corresponding to 50% haemolysis (osmotic

fragility), p, is the haemolytic dispersion (the range of NaCl
concentrations over which haemolysis occurs around the p; point)
and ps is the half value of the fraction haemolysed at total haemolysis
(ps equals to 0.5 by definition). Eq. (1) was fitted to the data using the
method of nonlinear least-squares minimization. The standard
deviation of the fit (STDg,) of Eq. (1) to the haemolysis curve data
was calculated using the sum of the squares of the residuals from the
nonlinear least least-squares minimization.

The final results are presented as the mean+SE of n separate
experiments, each carried out on blood of different donor. Differences
between means were evaluated by Student's t-test. The values were
taken as significantly different when p<0.05. Mean values of p; were
calculated from the group of samples incubated in isotonic sucrose
with the chloride concentration in the range of 51 mM. The
parameter Ap; was used to show the difference between p; of the
control sample (incubated in isotonic NaCl) and the sample incubated
in isotonic sucrose, whereas Apyampn Was used to show the difference
between p; of samples incubated in isotonic sucrose in the absence
and in the presence of the investigated amphiphilic compounds.

3. Results

Incubation of human erythrocytes in sucrose-substituted low-Cl™
solution leads to a shift of the haemolysis resistance profile to lower
osmolarities caused by cellular dehydration [5]. This effect was
checked in erythrocytes from different blood donors and it has been
found that the magnitude of the shift in the haemolysis curve in
isotonic sucrose is donor dependent (Fig. 1).

A comparison of the haemolysis curves for erythrocytes from two
different donors (incubated in isotonic sucrose containing 5 mM of CI™)
clearly indicates a difference in response of erythrocytes to the LIS
condition. Because the concentration of CI™ during incubation varied
slightly from sample to sample (depending on the haematocrit of the
cell suspension after washing), the change in osmotic fragility caused
by the incubation of the erythrocytes in isotonic sucrose as a function
of CI” concentration is shown in Fig. 2 for all investigated erythrocyte
samples. Each point in Fig. 2 represents Ap; calculated for an individual
blood donor. There is a significant negative correlation (R*=0.58)
between Ap; and CI” concentration in the whole investigated popu-
lation, as should be expected knowing the inhibitory potency of CI”
ions on net K* efflux [1,2,3], but analysis of Ap; for samples incubated
under exactly the same conditions (e.g. with ClI” equal to 5 mM)
demonstrates that the shift in the haemolysis curve may differ even by
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Fig. 1. The effect of incubating human erythrocytes in isotonic sucrose (30 min) on the
normalised haemolysis curve (lines: guides for the eye). The arrows show the shift of
osmotic resistance profile for two different blood donors.
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Fig. 2. The change in osmotic fragility of human erythrocytes incubated in isotonic
sucrose solution as a function of extracellular chloride concentration. Each point in the
figure represents Ap, calculated for an individual blood donor.

a factor of 2.5 from donor to donor. The statistical comparison of the
parameters p; and p, derived from the fit of Eq. (1) to the experimental
haemolysis curve is given in Table 1 (rows 1-2). Comparison of the p,
values for the control and the erythrocytes incubated in isotonic
sucrose demonstrates a significant decrease in osmotic fragility after
incubation under LIS conditions. The decrease in p; is accompanied by
an increase in the dispersion of the NaCl concentration producing
haemolysis as reflected by the increased value of p,. This indicates that
under experimental conditions used in this study the population of
erythrocytes responded differently to incubation in isotonic sucrose.
To check if the haemolysis resistance profile after incubation of
erythrocytes in isotonic sucrose may be modulated by inserting
charged compounds into the erythrocyte membrane the incubation
was carried out in the presence of charged amphiphiles (CTAB and
SDS). The concentrations of the amphiphiles were equal to these
reported causing maximal antihaemolytic effect during incubation in
hypotonic media [17]. In the Figs. 3 and 4 the haemolysis profiles of
erythrocytes incubated in isotonic sucrose in the presence and in the
absence of the investigated amphiphiles are shown. For cells
incubated in the presence of the positively charged CTAB (Fig. 3),
the haemolysis curve moves towards the right with respect to the
curve for cells incubated in the absence of this compound. This means
that CTAB decreases the shift in the haemolysis resistance profile
caused by incubating erythrocytes in isotonic sucrose. The opposite
effect was observed for the cells incubated in the presence of the
negatively charged SDS (Fig. 4). In this case the haemolysis curve
moves leftwards with respect to the curve for cells incubated without
SDS, indicating that this compound increases the shift in the
haemolysis curve caused by LIS medium. A statistical comparison of

Table 1

Statistical comparison of the parameters p; and p, determined from fitting Eq. (1) to the
experimental haemolysis curve for erythrocytes incubated in isotonic NaCl solution
(control) and isotonic sucrose solution in the absence and in the presence of the charged
amphiphilic compounds (CTAB and SDS) for 30 min

Isotonic solution p1 (%NaCl) D2 (%NaCl) STDg¢ n
Nacl (control) 0.455+0.004 0.058+0.004 0.037+0.003 11
Sucrose 0.303+0.014*** 0.135+£0.007*** 0.033+0.004 11
Sucrose +CTAB 0.426+0.012** 0.055+0.005** 0.040+0.004 3
Sucrose +SDS 0.263+0.048* 0.111£0.020 0.036+0.006 3

STDg: Standard deviation of the fit, p;: osmotic fragility, p,: haemolytic dispersion.
Data are given as means#*SE. * — p<0.05, ** — p<0.01, *** — p<0.001, (sucrose vs.
control, sucrose+amphiphile vs. sucrose), n is the number of separate experiments
carried out on blood of different donors.
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Fig. 3. The effect of CTAB (14 uM) on the shift of osmotic resistance profile of human
erythrocytes incubated in isotonic sucrose.

the parameters p; and p, derived from the fit of Eq. (1) to the
experimental haemolysis curve for erythrocytes incubated in the
presence of amphiphilic compounds is shown in Table 1 (rows 3-4).
Cationic CTAB causes an increase in osmotic fragility, whereas anionic
SDS causes a decrease in p; compared with the values obtained after
incubating erythrocytes in isotonic sucrose without amphiphiles. The
Ap1amph after 30 min of incubating erythrocytes in the presence of
cationic CTAB in isotonic sucrose was (-0.069+0.019) %NaCl, whereas
Ap1ampn after 30 min of incubating erythrocytes in the presence of
anionic SDS was (0.079+0.017) %NaCl. In view of the fact that both the
investigated compounds did not change the haemolysis resistance
profile during incubation in isotonic NaCl, the observed changes
suggest that charged amphiphiles influence the transport pathway(s)
activated in LIS media. Comparison of the p, values leads to the
conclusion that the positively charged CTAB abolishes the increase in
p2 caused by incubating erythrocytes in isotonic sucrose, that is it
makes the population more homogeneous. In the case of SDS, p-, is not
different from the value in isotonic sucrose. The length of the alkyl
chains of the cationic amphiphiles seems not to have a significant
effect on the shift in the haemolysis curve caused by incubating
erythrocytes in isotonic sucrose because similar results for Apjampn
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Fig. 4. The effect of SDS (50 uM) on the shift of osmotic resistance profile of human
erythrocytes incubated in isotonic sucrose.
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were obtained with alkyltrimethylammonium bromides (14 uM) with
12, 14, and 16 carbon atoms in the chain (data not shown).

To check if the modulation of the haemolysis resistance profile
caused by the charged amphiphiles during incubation of erythrocytes in
isotonic sucrose is caused by the effect of these compounds on the
transport pathway involved in K efflux activated under LIS conditions,
the net K* efflux from erythrocytes was measured in the presence and in
the absence of CTAB and SDS. The time dependence of K" efflux into
isotonic sucrose containing 3 mM of KCl is shown in Fig. 5. The
magnitude of K" efflux was donor dependent and varied by factor 2.5
after 15 min of incubation. After 1 h of incubation the mean K* efflux was
equal to (57+2) mmol/l.s what is comparable to values reported
previously [3]. In Fig. 6 the effect of CTAB and SDS on K" efflux into
isotonic sucrose is given. Both the positively and the negatively charged
amphiphile led to significant changes in K* efflux: CTAB decreased,
whereas SDS increased K* efflux by about 40%. The changes in K* efflux
caused by charged amphiphiles agree with the observed changes in p;,
which confirms the thesis that the modulation of the shift in the
haemolysis curve is caused by the influence of the investigated
amphiphiles on the K* pathway activated under LIS conditions.
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Fig. 6. The effect of CTAB and SDS on the net K* efflux from human erythrocytes into
isotonic sucrose (related to control). Bars represent the mean+SE for n different blood
donors. CTAB: n=38, 4 and 2 for times 15, 30 and 60 min, respectively. SDS: n=7, 3 and 4

for times 15, 30 and 60 min, respectively. * — p<0.05, * * — p<0.01, *** — p<0.001.
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Fig. 7. The effect of incubating human erythrocytes in isotonic depolarising solutions on
the net K* efflux. Bars represent the mean of two different blood donors.

To check if the modulatory effect of charged amphiphiles in iso-
tonic sucrose will also occur in other depolarising media, a set of
measurements of K* efflux from erythrocytes suspended in isotonic
sorbitol, isotonic mannitol, and isotonic Na-gluconate was carried out.
The values of K" efflux from erythrocytes incubated in various depo-
larising solutions in the absence of the charged amphiphiles are
summarized in Fig. 7. In isotonic sucrose, sorbitol, and mannitol the K*
effluxes were equal after 15 and 60 min of incubation, whereas in
isotonic Na-gluconate K* efflux was significantly lower. Both cationic
CTAB and anionic SDS were shown to modulate K" efflux into isotonic
sorbitol and mannitol, similarly to that observed in isotonic sucrose
(data not shown).

4. Discussion

The shift of the haemolysis resistance profile to lower osmolarities
observed after incubation of erythrocytes in isotonic sucrose is a mani-
festation of cellular dehydration caused by dramatic K* efflux in LIS
solutions [5]. The determination of osmotic fragility and haemolytic
dispersion of the erythrocyte population from the haemolysis curve is a
simple and low-cost experiment and the shift of the haemolysis resis-
tance profile may be used as a first rough test to investigate the pro-
perties of the K" transport pathway activated under LIS conditions. At
present, two transport pathways are suggested to be causative of the
observed K" efflux in LIS media: the NSVDC channel [4,5,7,9-12] and the
K*(Na")/H* exchanger [3,8,13,14]. In this study the osmotic haemolysis
test was used to check if the shift in the haemolysis resistance profile
observed during incubation of erythrocytes in isotonic sucrose may be
modulated by charged amphiphilic compounds. Comparing the change
in osmotic fragility caused by incubation in isotonic sucrose in the
absence of amphipiles, it has been found that Ap; might differ even by
factor 2.5 for different blood donors (Figs. 1 and 2). This effect might be
caused both by differences in the number of channels/carriers between
individual donors and/or by differences in the activation of these
pathways under non-physiological LIS conditions. The significant
increase in haemolytic dispersion in erythrocytes incubated in isotonic
sucrose for 30 min (Table 1) indicates that under experimental con-
ditions used in this study the population of erythrocytes responded
differently to the LIS condition. This fact demonstrates that the pathway
activated under these conditions is not present in all cells or is not
activated identically. The difference between these results and those
obtained by Bennekou et al. [5], who showed no differences in
haemolytic dispersion after 15 and 30 min of incubation of erythrocytes
in isotonic sucrose, might be caused by differences in the time after
blood taking (it has been shown that K" fluxes in LIS media were
changed in stored red blood cells [21]) or by the differences in chloride
concentration during experiments.
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Because the pathway for K* efflux is activated when the membrane
potential is made positive by decreasing the concentration of CI” in the
incubation medium, Halperin et al. [6] suggested that it might be acti-
vated when erythrocytes are incubated in lytic hypotonic solutions. In
this situation, the net salt and water loss induced by activation of this
pathway could be an important factor reducing hypotonic haemolysis
[6]. In view of the great effectiveness of different amphiphilic com-
pounds in diminishing haemolysis in hypotonic solutions [17] and
taking into account reports about the ability of charged amphiphiles to
alter the properties of voltage-dependent cation pathways in other cells
[18,19] it has been decided to check if the charged amphiphiles will
modulate the shift of the haemolysis curve in isotonic sucrose and if this
effect is related to the change in the properties of the K* efflux pathway
activated under LIS conditions. Two differently charged amphiphiles, i.e.
cationic CTAB and anionic SDS, were checked at concentrations reported
as causing maximal antihaemolytic effect in hypotonic solutions [17].
The results indicate that positively charged CTAB increases, whereas
negatively charged SDS decreases the shift of the haemolysis curve
caused by incubating erythrocytes in isotonic sucrose (Figs. 3 and 4,
Table 1). This stresses the role of the electrical properties of the mem-
brane in the observed phenomenon. Cationic CTAB reduces the change
in osmotic fragility and eliminates the increase in haemolytic dispersion
caused by incubation in isotonic sucrose, that is it makes erythrocytes
more homogeneous in response to the LIS condition. In contrast, the
anionic SDS enhances the effect of LIS, which is seen in the increased
value of Ap;. The lack of significant effect of the alkyl chain length (12,14
and 16 carbon atoms) of alkyltrimethylammonium bromides on Ap;amph
with regard to the large differences in their partition coefficient leads to
the conclusion that the membrane concentration of amphiphiles needed
for the modulation of osmotic fragility in isotonic sucrose is rather low.

From the comparison of the effects of charged amphiphiles on the
haemolysis resistance profile and the net K* efflux from erythrocytes
under LIS conditions (Figs. 3, 4, and 6), it is clear that the modulation of
osmotic fragility is related to the modulation of K efflux. The signi-
ficant decrease in net K" efflux (by 40%) in the presence of cationic
CTAB and the opposite effect caused by anionic SDS (increase in K*
efflux by 40%) indicate that the charged amphiphiles dramatically
changed the properties of the K" transport pathway activated in LIS
media. The surface potential of the erythrocyte membrane is more
negative under LIS conditions than under physiological conditions,
which leads to an increase in cation concentration and a decrease in
anion concentration near the cell surface. The insertion of charged
amphiphiles into the cell membrane changes the surface charge
density and, consequently, the surface potential. During 30 min of
incubation in physiological isotonic solution, both the investigated
amphiphiles caused erythrocyte shape changes, from discocytes to
echinocytes, which suggests that they stay in the outer leaflet of the
bilayer [22]. It is not known whether the intercalation process differs
under LIS conditions. It has been reported that the inward transloca-
tion (flip) of anionic phospholipids in erythrocyte membranes
depends on the membrane potential and is increased in low-CI”
media [23]. Assuming that the same mechanism may cause faster
movement of anionic SDS into the inner monolayer and taking into
account the large influence of the surface potential on the K* transport
pathway activated under LIS conditions, a decreased effect of SDS on
K" efflux during the incubation time should be detected, which was
in fact observed (Fig. 6). In contrast, the effect of cationic CTAB on K*
efflux was constant during the 60 min of incubation.

The changes in erythrocyte surface potential may be used to
explain the role of both transport pathways suggested to cause the
observed increase in K" efflux under LIS conditions: the K*(Na")/H*
exchanger [3,8,13] and NSVDC channel. Since the surface potential of
the erythrocyte membrane is more negative under LIS conditions, ion
transport via the K*(Na")/H" exchanger is increased because of the rise
in the cation concentration near the membrane surface, which
enhances the carrier-mediated flux [3,8,13]. The insertion of a

positively charged compound causes a decrease in the negative
surface potential, a decrease in the cation concentration near the cell
surface, and consequently a decrease in transport. The opposite effect
(increased transport) should be expected in the case of negatively
charged compounds. This explanation was used by Richter et al. 8] to
describe the effect of dodecyltrimethylammonium bromide and SDS
on “leak” K* influx under LIS conditions. The reported decrease in K*
efflux after reduction of the electrical charge of the erythrocyte mem-
brane by neuraminidase [24] may also indicate the important role of
the cation concentration near the membrane surface in K efflux
under LIS conditions. On the other hand, the alternative explanation of
the effect of altered surface charge on K* efflux under LIS conditions, a
preferred NSVDC pathway, is likely. The NSVDC channel is activated if
the membrane potential changes from -9 mV (under physiological
conditions) to 30 mV [12]. A strongly positive potential is achieved by
reducing the extracellular CI” concentration under LIS conditions. The
conductance of an ion channel varies with the concentration of
permeating ions. The changes in surface charge, caused for example,
by the insertion of charged compounds, may cause changes in the
cation concentration near the mouth of the channel and in this way
alter the channel's conductance. The surface potential may also have a
direct effect on voltage gating of the ion channel because a channel's
gating charge “feels” the effective potential across the membrane. This
effective potential is equal to the sum of the membrane potential
measured in the bulk solutions inside and outside of erythrocyte
membrane and the difference between the inner and outer surface
potentials. In this way the insertion of charged amphiphilic com-
pounds by altering surface potential may change the electric field
acting on the NSVDC pathway. Positively charged CTAB, by decreasing
the negativity of the outer surface potential, causes partial hyperpo-
larisation of the effective voltage difference across the membrane and
therefore a decrease in the open state probability of the channel and,
consequently, reduced K* efflux under LIS conditions. The opposite
effect should be expected after insertion of anionic SDS, which will
subsequently cause increased K* efflux. The importance of the surface
potential in the modulation of voltage-dependent ionic currents has
long been recognised. It has been reported that charged amphiphiles
(dodecyltrimethylammonium bromide and SDS) altered the ampli-
tude and gating of the voltage-depended sodium, potassium and
calcium currents in excitable cells [18,19]. It has been suggested that
the observed effects are consequences of the insertion of the
amphiphiles in the lipid environment surrounding the Na* and K*
channels, but direct channel protein-amphiphile interactions are also
likely [19]. A similar mechanism governing the behaviour of the
NSVDC channel under LIS conditions cannot be excluded. On the other
hand, Bernhardt et al. [21] suggested that LIS-induced cation fluxes are
not dependent on transmembrane potential and isotonic sucrose
medium rather acts by lowering ionic strength. The results presented
in this study showing the values of K* efflux from erythrocytes
incubated in various depolarising solutions (Fig. 7) confirm this thesis
because in isotonic Na-gluconate the K* efflux was significantly lower
than in the other isotonic sugar solutions. The reduction of the
observed K" efflux in Na-gluconate compared with that in isotonic
sucrose agrees with the values reported previously for K* influx [21].
Because Na-gluconate solution causes the same membrane depolar-
isation as sucrose solution, maintained at the same time erythrocytes
at physiological ionic strength, this observation leads to the conclu-
sion that to activate the transport pathway for K* efflux in isotonic
sucrose, probably both factors, the positive membrane potential and
low ionic strength, are required.

5. Conclusion
It has been demonstrated in this study that the charged am-

phiphiles cationic CTAB and anionic SDS are potent modulators of the
K* efflux pathway which is activated in human erythrocytes under low
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ionic strength conditions. The modulation of the net K* efflux caused
by the intercalation of these amphiphiles into the cell membrane
manifests as a shift change in the haemolysis resistance curve of
erythrocytes incubated in isotonic sucrose. Both the magnitude of the
shift in the haemolysis curve and the net K* efflux from erythrocytes
incubated under low ionic strength conditions are donor dependent.
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Amidosulfonic acid was electropolymerized by cyclic voltammetry onto the surface of glassy carbon
electrode (GCE) to fabricate the chemically modified electrode, which showed high stability, good selectivity
and reproducibility for determination of isoniazid. The modified electrode showed an excellent
electrocatalytical effect on the oxidation of isoniazid. Under the optimum conditions, there was a good
linear relationship between anodic peak current and isoniazid concentration in the range of 5.0 x 1078~ 1.0 x
107> M, and a detection limit of 1.0 x 1078 M (S/N = 3) was obtained after 120 s at the accumulation potential
of = 0.2 V (vs. SCE). This developed method had been applied to the direct determination of isoniazid in
injection and tablet samples with satisfactory results.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Isoniazid (see Scheme 1), pyridine-4-carboxylic acid hydrazide, is an
antituberculosis agent, which is now widely used together with other
antituberculostatic agents for chemotherapy of tuberculosis. The impor-
tance of this drug is wide-spread use and its efficiency in the treatment of
pulmonary tuberculosis. Many analytical methods have been reported for
the analysis of isoniazid, such as spectrophotometry [1-3], high
performance liquid chromatography [4-7], capillary electrophoresis [8],
chemiluminescence [9-10] and fluorimetry [11]. Several electrochemical
methods have also been studied by using different types of electrodes,
such as differential pulse voltammetry at the gold electrode [12], square-
wave adsorptive cathodic stripping voltammetry at the hanging mercury
drop electrode [13] and cyclic voltammetry at the polypyrrole modified
glassy carbon electrode [14].

A number of researchers have employed many kinds of polymeric film
modified electrodes due to their features of good electrocatalysis and
stability [15]. The chemically modified electrodes by polyaniline [16], poly
(thiophene) [17] or polypyrrole [18] have been used to detect electro-
active materials, such as dopamine, ascorbic acid, nitrate, norepinephrine
and hemoglobin, and so on. To the best of our knowledge, there were very
few reports about poly(amidosulfonic acid) film in the electroanalytical
field [19]. In order to expend its application in electroanalytical field, the
electrochemical sensor by poly(amidosulfonic acid) film modified glassy
carbon electrode was fabricated. The experimental results showed that
poly(amidosulfonic acid) film performed the good electrocatalytic activity

* Corresponding author. Tel.: +86 514 87975590 9217; fax: +86 514 87975244.
E-mail addresses: yanggongjun888@163.com, gjyang@yzu.edu.cn (G. Yang).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.005

toward the oxidation of isoniazid. And then an electrochemical method for
the sensitive determination of isoniazid was established. This method was
successfully applied to determine isoniazid in pharmaceutical
formulations.

2. Experiment
2.1. Chemicals and materials

Isoniazid, which was kindly gifted by Yangzhou Institute of Drug
Control, was used without further purification. A stock solution of
isoniazid (1.0 x 1072 M) was prepared with double-distilled water and
kept in a refrigerator at about 4 °C. Amidosulfonic acid was obtained from
Sinopharm chemical Reagent Co. (China). All of the other chemicals were
of analytical-reagent grade.

2.2. Apparatus

Electrochemical measurements were performed with CHIG60A
Electrochemical Workstation (CHI Instruments Inc., USA). A glassy carbon
electrode (GCE) modified with poly(amidosulfonic acid) was used as a
working electrode, the reference electrode was a saturated calomel
electrode (SCE) and the counter one was a platinum wire. All experiments
were performed at 25.0 + 0.5°C.

2.3. Fabrication of the poly(amidosulfonic acid) modified glassy carbon
electrode (denoted as PASA-GCE) [19]

Prior to modification of PASA, the surface of glassy carbon electrode
was polished by 0.05 um aluminum suspension to a mirror finish. The
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Scheme 1. Structural formula of isoniazid.

electrode was then washed with 1:1 HNOs, acetone and doubly distilled
water with ultrasonic bath, respectively. After rinsing in doubly distilled
water, the electrode was activated by cyclic sweepings for 20 cycles from
-1.2to+1.2 Vin phosphate buffer solution (pH 7.0). Finally, the film of poly
(amidosulfonic acid) was deposited by cyclic sweeping from-1.5to+2.5V
at 50 mV/s for 10 cycles in phosphate buffer solution (pH 7.0) containing
2.0 x 10 M amidosulfonic acid.

2.4. Analytical procedure

The required volume of isoniazid standard solution was added into
the electrochemical cell containing 5 mL phosphate buffer solution (pH
6.5). The quantification of isoniazid was achieved by measuring their
oxidation peak current by differential pulse voltammetry (DPV). The
differential pulse voltammograms were recorded after accumulation of
120 s at the potential of - 0.2 V, and its parameters were selected: the
increase potential of 8 mV, pulse amplitude of 50 mV, pulse width of
0.06 s, and sampling width of 0.02 s.

2.5. Preparation of tablet sample

Twenty tablets, each containing 100 mgj/tablet of isoniazid, were
accurately weighed and finely powdered, respectively. To accurately
weighed amount of the powder equivalent to approximately 28 mg, 30 mL
of water was added. The mixture was shaken for 20 min and filtered into a
100 mL volumetric flask. The residue was washed several times with water
and solution was diluted to the mark.

3. Results and discussion

3.1. Electropolymerization of amidosulfonic acid at the surface of glassy
carbon electrode

Fig. 1 shows the voltammograms of 2.0 x 10~ M amidosulfonic
acid in phosphate buffer solution (pH 7.0) at GCE. The multicycle
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Fig. 1. Cyclic voltammograms of electropolymerization for amidosulfonic acid on the

surface of GCE. Scan rate: 50 mV s~ ..

curves show three major voltammetric peaks at about + 1.71 V
(peak 1), - 0.57 V (peak 2) and + 0.29 V (peak 3). In the first cycle,
an anodic oxidation peak 1 and cathodic peak 2 were obtained in
the potential of - 1.5 to + 2.5 V. During the following cycles, a new
unobvious anodic peak 3 appeared, and then larger peak was
observed with the continuous scanning, indicating the continuous
growth of the film. A certain blue-black substance was produced at
the surface of glassy carbon electrode. It manifested that the poly
(amidosulfonic acid) was electropolymerized on the surface of
glassy carbon electrode.

3.2. Electrochemical behavior of isoniazid on PASA-GCE

3.2.1. Electrocatalytic effect on isoniazid

Fig. 2 shows the cyclic voltammograms of 1.0 x 10™* M isoniazid
in phosphate buffer solution (pH 6.5) at the PASA-GCE and at the
bare GCE. It can be seen that the oxidation process of isoniazid is
irreversible at bare GCE and PASA-GCE. However, the anodic peak
current of isoniazid at the PASA-GCE was about 13 times larger than
that at the bare GCE. At the same time, the more negative shift of
40 mV at PASA-GCE obtained compared to that at the bare GCE.
These phenomena are clear evidences of electrocatalytic effect of the
PASA modified electrode toward isoniazid oxidation. These results
indicate that the PASA film is able to accelerate the rate of isoniazid
electron transfer.

3.2.2. Effect of the scan rate on the peak current and peak potential

The effect of scan rate on the peak current at PASA-GCE in
phosphate buffer solution (pH 6.5) was investigated by cyclic
voltammetry in the presence of 1 x 10™* M isoniazid (shown in
Fig. 3a). The anodic peak current of isoniazid at PASA-GCE was
proportional to square root of scan rate (see Fig. 3b), which
indicates a diffusion controlled oxidation process at PASA-GCE. At
the same time, the peak current increased with the increase of scan
rate.

The experimental results show the good linear dependence of
the oxidation peak potential upon the logarithm of the scan rate
(logv), with a slope of 0.055 (see Fig. 3c). The peak potential also
shows a linear dependence upon pH over the pH range from 5.0 to
8.0, with a slope of - 0.055 V/pH (data not shown). This behavior
can be interpreted on the basis of the treatment of an irreversible
electrode process by cyclic voltammetry [20], which relies on a
general approach of electrode kinetics [21].
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Fig. 2. Cyclic voltammograms of isoniazid at bare GCE (curve a) and PASA-GCE (curve b)
in phosphate buffer solution (pH 6.5) containing 1.0x10"* M isoniazid. Scan
rate:100 mV s~ ",
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Fig. 3. (a) Cyclic voltammograms of the PASA-GCE in the presence of 1x10™* M isoniazid at
different scan rates from 10 to 200 mV s~ in phosphate buffer solution (pH6.5). (b) The
linear relationship between the peak currents and the square roots of scan rates. (c) The
linear relationship between the peak potentials and the logarithm of scan rates.

The dependence of the oxidation peak potential upon the scan rate v is
expressed by the equation (see Eq. (6) of Ref. [20]):

( ok, > _ 2.303RT (1)
pH

ologv) F(?-i— dar)

and its dependence upon pH is expressed by the equation (see Eq. (7)
of Ref. [20]):

(aip ) ~ —2.303RTh
opH)  F(n'+00)

Here, R, T and F have their usual significance, n” transfer steps
preceding the rate-determining step, 6 is a parameter equal to 1 for a
rate-determining electron-transfer step or to O for a rate-determining
chemical step, a = 0.5 is the symmetry factor for an electron-transfer
step (if rate-determining), and h is the number of elementary
deprotonation steps that precede the rate-determining step. Con-
sidering that 2.303RT | F equals 0.059 V at room temperature, the
dependence of the oxidation peak potential upon log v and upon pH
points to a unit value for (7’ + 6cr) and to a unit value for h, in view of
Egs. (1) and (2). This implies that the rate-determining step is a
chemical step (6 = 0) following both the uptake of the first transferring
electron (n = 1) and an elementary deprotonation step (h = 1).

3.3. Analytical performance of PASA-GCE for isoniazid

3.3.1. Choice of supporting electrolyte

The effect of the supporting electrolytes on voltammograms of
isoniazid was investigated, which included 0.05 M HAc-NaAc (pH 4.8),
0.05 M NaH,PO4-Na,HPO, (pH 6.5), 0.05 M NH5-NH,Cl (pH 9.8) and
0.05 M Britton-Robinson (pH 7.5) (data not shown). The experimental
results showed that the oxidation peak of isoniazid could be obtained in all
above electrolytes. However, in phosphate buffer solution (pH 6.5), the
current of anodic peak was higher than that in other supporting
electrolytes. Thus, 0.05 M phosphate buffer solution was chosen as the
supporting electrolyte for further studies.
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Fig. 4. (a) Cyclic voltammograms of 1x10™* M isoniazid in 0.05 M phosphate buffer
solution at different pH values. pH of Curve 1 to 7: 8.0, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0. Scan rate
100 mV s~ (b) plot of ip, vs. pH.
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Fig. 5. Effect of scan cycle (a) and scan rate (b) during electropolymerization on the
catalytic current (DPV) of 1x10"% M isoniazid in phosphate buffer solution (pH 6.5).
Accumulation time: 120 s; accumulation potential: =0.2 V.

3.3.2. Effect of solution pH on the peak currents and peak potential

The effect of solution pH on the peak potentials and the peak currents
was shown in Fig. 4. With the increase of pH value, the peak potentials
shifted negatively (shown in Fig. 4a). At the same time, the experimental
results also showed that pH has a significant influence on the anodic peak
current of isoniazid at PASA-GCE (shown in Fig. 4b). It can be seen that the
values of the peak current changed with the different pH in the range of 5.0
to 8.0. Obviously, the maximum response of anodic peak current appeared
at pH 6.5. In this work, the optimum pH value of 6.5 could be selected in
the following experiments.

3.3.3. Effect of electropolymerization on the electrocatalytic ability of
PASA-GCE

Effect of scan cycles and scan rate in electropolymerization on
anodic peak current of isoniazid was investigated. Fig. 5a shows the
relationship between electrocatalytic currents of 1.0 x 107 M isoniazid
and the scan cycles of electropolymerization at the surface of GCE by
differential pulse voltammetry. The oxidation peak current gradually
increased with the increase of scan cycles of electropolymerization.
When the cycles were beyond 10, the anodic peak current decreased.
Under the optimal electropolymetric cycles, the effect of different scan
rates was also studied (shown in Fig. 5b). It was found that the scan rate
of 50 mV/s for electropolymerization was favorable. So scan cycles of 10
and scan rate of 50 mV/s were selected in the electropolymerization,
and the maximum electrocatalytic response on isoniazid achieved.

3.3.4. Effect of accumulation potential and accumulation time
Fig. 6a shows the effect of different accumulation potentials on
anodic peak current of isoniazid with accumulation time 120 s by
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Fig. 6. Effect of accumulation potential (a) and accumulation time (b) on the peak
current of 1x107® M isoniazid in phosphate buffer solution (pH 6.5).

differential pulse voltammetry. When the accumulation potential
shifted from - 0.4 V to 0.0 V, the response of peak current hardly
changed. So the accumulation potential of — 0.2 V was selected in this
work.

The effect of the accumulation times on the peak current of
isoniazid was also shown in Fig. 6b. It showed that the peak current
increased when the accumulation time was less than 100 s whereas

12

10

ipal“-A
- * =]
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Fig. 7. The linear relationship between the peak current and concentration of isoniazid
in phosphate buffer solution (pH 6.5).
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Table 1
Comparison of detection limits and linear range for isoniazid at different modified
electrodes

Type of electrodes Linear range Detection limits

Au electrode [12] 2.0x107°-2.3%x10"* M 9.69x107% M
Mercury electrode [13] 5.0%x1071°-2.0x10"° M 1.18x1071° M
Polypyrrole modified GCE [14] 3.99x107%-12.60x10"2 M 3.15x10°° M
PASA-GCE [This work] 5.0x1078-1.0x107> M 1.0x1078 M

the peak current hardly changed as further increasing the accumula-
tion time. Here, the accumulation time of 120 s was selected.

3.3.5. Calibration curve for isoniazid

Under the optimum conditions, the dependence of the anodic peak
currents on the concentration of isoniazid was shown in Fig. 7. The
results showed that the anodic striping peak current (i,) is propor-
tional to the concentration of isoniazid from 5.0 x 1078 to 1.0 x 107> M.
The linear regression equation was expressed as: i (MA) = 0.154 + 1.052
Cisoniazid (M) (r = 0.999), and the detection limit was 1.0 x 107 M
(three times of the ratio of signal to noise), which is lower than
previously being reported ones except the literature [13] (see Table 1).

3.3.6. Reproducibility

1.0 x 107 M isoniazid was determined repeatedly at the identical
surface of PASA-GCE for successive 25 times, and the average current
was 111 pA with the RSD of 3.7%, which showed an excellent
reproducibility. The precision at renewed surface of PASA-GCE was
also investigated. The average peak current for 1.0 x 107® M isoniazid
was 1.10 pA with the RSD of 4.7% (n = 10). It indicated that this
modified electrode has a remarkable reproducibility.

The stability of PASA-GCE was evaluated by measuring the anodic
peak current response at a fixed 1.0 x 107® M isoniazid over a period of
7 days. The chemically modified glassy carbon electrode by poly
(amidosulfonic acid) was treated only once and stored in phosphate
buffer solution (pH 6.5) after every determination. The RSD with 3.8%
(n = 7) showed that the PASA-GCE has a good stability.

3.3.7. Interference

In order to evaluate the interferences of foreign species on the
determination of isoniazid, some interference experiments were carried
out. 1000-fold concentration of dopamine, ascorbic acid and glicose,
500-fold that of uric acid (UA) and glutamic acid almost did not influence
the current response of 1 x 107® M isoniazid in phosphate buffer solution
(pH 6.5) (signal change below 5%,). The above experimental results
indicated that this proposed electrochemical method performed the
ability of anti-jamming.

3.4. Determination of isoniazid in injection and tablet samples

The injection (100 mg/2 mL) and tablet (100 mg/tablet) samples of
isoniazid, which were diluted appropriately, were determined with the
proposed electrochemical method. The injection and tablet samples of
isoniazid were analyzed by the standard addition method. The results are
in agreement with that obtained by the method in China Pharmacopoeia
[22] (see Table 2). The recovery of isoniazid for the injection and tablet

Table 2
Determination of isoniazid in samples of its injection and tablet

Samples Pharmacopoeia method This method (n=6)

(n=5)

Values RSD Values RSD
Injection 100.32 mg/2 mL 2.7% 99.53 mg/2 mL 3.5%
Tablet 99.34 mg/tablet 2.9% 100.98 mg/tablet 3.8%

Table 3
Recovery test of isoniazid in its injection and tablet samples
Samples Added Founded Recovery RSD
(x1077 M) x1077 M) (%) (%)
Injection 0.00 3.06 / 2.0
2.00 5.08 101.00 33
27.00 29.69 98.63 29
47.00 49.99 99.85 33
67.00 71.11 102.00 2.5
Tablet 0.00 295 / 2.5
2.00 5.02 103.50 31
27.00 28.68 95.29 3.9
47.00 49.07 98.13 2.6
67.00 71.18 101.84 2.8

Number of samples assayed: 6.

samples was listed in Table 3 with the recovery from 98.63% to 102.00% for
injection and 95.29% to 103.50% for tablet, respectively.

The results of the recovery and RSD showed that the proposed
methods can be used efficiently for the determination of isoniazid in
pharmaceutical formulations.

4. Conclusions

This work has shown that isoniazid can be determined using
electrochemical method on the basis of its oxidation process at poly
(amidosulfonic acid) modified glassy carbon electrode with wider
linear range and lower detection limit. The proposed methods can be
applied to the detection of isoniazid in pharmaceutical formulations.
The good properties of modified electrode, such as high sensitivity,
easy fabrication, reproducibility, stability and anti-jamming, indicate
that the proposed modified electrode will be promising for measure-
ments of isoniazid in vivo and in vitro. At the same time, it will expand
the application of this polymer film in electrochemical field.
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Dielectrophoresis is a method that has demonstrated great potential in cell discrimination and isolation. In this
study, the dielectrophoretic sorting of normal and Babesia bovis infected erythrocytes was performed using a
microfabricated flow cytometer. Separation was possible through exploitation of the dielectric differences
between normal and infected erythrocytes, essentially due to the higher ionic membrane permeability of
B. bovis infected cells. Sorting experiments were performed inside a microchip made from Pt microelectrodes
and SU-8 channels patterned on a glass substrate. Optimum cell separation was achieved at 4 MHz using an in
vitro culture of B. bovis suspended in 63 mS/m phosphate buffer and applying a sinusoidal voltage of 15 V peak-
to-peak. Normal erythrocytes experienced stronger positive dielectrophoresis (pDEP) than B. bovis infected
cells, moving them closer to the microelectrodes. Under these conditions it was possible to enrich the fraction
of infected cells from 7 to 50% without the need of extensive sample preparation or labelling. Throughout the
experiments very few microliters of sample were used, suggesting that this system may be considered suitable
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for integration in a low-cost automated device to be used in the in situ diagnostic of babesiosis.
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1. Introduction

Dielectrophoresis (DEP) is a well known method for manipulation
of dielectric particles such as DNA, proteins and cells [1].

In the past few years, there has been extensive research in the
manipulation and analysis of biological cells at the microscale and a
number of microelectromechanical systems (MEMS) using DEP for
selective trapping, manipulation or separation of cells was described
[1-4]. The goal has been the development of automated single-cell
manipulation and analysis systems to be used in research fields such
as immunology, developmental biology, tumour biology and parasi-
tology, just to name a few [5].

DEP is defined as the translational motion impaired on uncharged
cells or particles, as a result of the polarisation induced by non-uniform
electric fields [6]. Using this method, cells can be manipulated to
higher and lower electric field regions by means of polarisation forces
that induce what is designated as positive and negative dielectrophor-
esis (pDEP and nDEP), respectively [1].

The dielectrophoretic force on a cell can be calculated using the
following formula:

Fpgp = 2memi®Re [ECM(U))] VE2s (1)

* Corresponding author. Tel.: +351 21 4469428; fax: +351 21 4421161.
E-mail addresses: en249@cscr.cam.ac.uk (E.M. Nascimento).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.018

where &, is the permittivity of the medium, r the radius of the cell, Re
[Kcm(o)] the real part of the Clausius-Mossotti (CM) factor and VEgms
the gradient of the root mean square value of the electric field. The CM
factor Kcy, a complex number, can be written as:

Koy = —<—tm. )

where &, and &, are the complex permittivities of the cell and me-
dium, respectively, and €=¢-(jo/w) with o the conductivity, ¢ the
real permittivity, o the angular frequency of the applied electric field
andj = v-1.

The value of Re[Kcw()] varies depending on whether the cell is
more or less polarisable than the surrounding medium. If Re[K cy(®)]
is positive, cells are attracted to regions of higher field strength (pDEP)
whereas the opposite induces the repulsion of cells from these regions
(nDEP) (Fig. 1).

As a result, the dielectrophoretic force is dependent on the dielec-
tric properties and size of the cell, frequency of the applied electric
field and conductivity and permittivity of the medium where the cells
are suspended. A careful selection of these parameters can induce cell
movement in specific directions according to their dielectrical prop-
erties, thus enabling cell manipulation or separation. In this study
dielectrophoresis was applied in the separation of B. bovis infected
erythrocytes. B. bovis is an intraerythrocytic tick-borne protozoan
parasite that infects bovine erythrocytes and is responsible for large
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Fig. 1. Plot of the real part of the Clausius-Mossotti factor for normal and Plasmodium
falciparum infected red blood cells (nRBCs and iRBC, respectively). Based on data published
by others [5]. Differences in the two curves allow for separation of the two populations.
B. bovis probably induces similar changes in cellular dielectric response, although the
magnitude could be less since the changes in the erythrocyte aren't as severe as in Malaria,
where the host cell experiences a significant change in the cytoskeleton (haemoglobin
being converted to hemozoin).

economic losses in cattle industry. This parasite poses particular
problems in tropical and subtropical regions worldwide and the major
symptom observed in the host animals is anaemia, owing to extensive
haemolysis induced by liberation of the parasites from the host cells [7].

Purification of B. bovis infected erythrocytes is fundamental for the
biochemical and physiological study of the parasite. However, the
methodologies currently described and used to discriminate and
separate Babesia spp. infected erythrocytes have the drawback of
requiring time-consuming sample preparation [8,9] and expensive
reagents or equipment [10]. Additionally, in contrast to other well-
known cell sorting methods, such as fluorescence or magnetic
activated cell sorting (which can both be incorporated in MEMS)
[11,12] DEP does not require any cell modification by staining with
dyes or antibodies. The technique is advantageous because it is non-
invasive and allows the discrimination and sorting of B. bovis infected
erythrocytes from normal cells only by taking advantage of the
cellular modifications induced in the membrane of parasitic cells. It is
known that, after invasion and while B. bovis merozoites develop
inside the erythrocyte, the plasma membrane of the infected host cell
is structurally [13] and antigenically [14-16] altered. These changes
produce alterations in the electrical properties of the infected cells, a
fact that is supported by the increase in membrane permeability of
Babesia spp. infected erythrocytes [9,17]. Here, the use of these phy-
siological alterations in the discrimination and separation of normal
from B. bovis infected erythrocytes is reported, using DEP forces
produced by application of alternating (AC) fields to electrode arrays
integrated in a microfabricated flow cytometer.

2. Material and methods
2.1. Cell suspension preparation

The Mo7 strain of B. bovis (kindly provided by Dr. Erik de Vries) was
grown in vitro according to the Levy and Ristic method [18]. Briefly,
B. bovis infected erythrocytes were cultivated in a microaerophilus
phase (MASP) in 24 well suspension plates, at 10% (v/v) packed cell
volume (PCV), and incubated at 37 °C in a 5% CO, in air humidified
atmosphere. Cultures were maintained in M-199 culture medium
(Gibco, 22340-020) supplemented with 50 ug/ml gentamycin (Gibco,
15710-049), 1% (v/v) fungizone (Gibco, 15290-026), 20 mM TES
(Sigma-Aldrich, T5691) and 40% (v/v) bovine serum (kindly supplied

by Dr. Neto from Estacdo Zootécnica de Santarém, EZN). Subcultivation
was performed by splitting/dilution with fresh normal bovine eryth-
rocytes (collected from healthy donors, with normal MHC and MCV
values, into sterile collection tubes containing citrate) and medium,
when parasitaemia levels achieved 2 or 3%. Parasitaemia was
monitored by microscopic examination of Giemsa stained thin smears
under a 100x microscope oil objective. B. bovis cultures are maintained
in non synchronized state, as so far no synchronized cultures are
available when cultivating this parasite species, contrarily to the in
vitro cultivation of Plasmodium spp. in vitro.

For the cell sorting experiments, bovine erythrocytes were isolated
from bovine whole blood by centrifugation at 2100 rpm and washed
with PBS (Sigma-Aldrich, P4417) at 1.4 S/m. During this centrifugation
step, bovine erythrocytes were separated from the other components of
bovine blood, such plasma, white blood cells and platelets. Erythrocytes
were transferred to 0.22 um filtered low conductivity PBS (pH 7.4 and
conductivity range of 10 to 86.7 mS/m); a step which is necessary in
order to assure that, when applying electric fields inside the microchip,
the electric current remains low and the temperature does not rise to a
great extent, eventually causing damage to the cells and electrodes.

Low conductivity PBS was prepared by lowering normal PBS con-
ductivity by dilution in distilled water (conductivity ~5.5 uS/m). Ad-
ditionally, in order to maintain normal osmolarity values for the cells,
a sucrose solution of 9.53 g/100 ml was prepared and PBS was added
to the PBS solutions until the desired conductivity level was achieved.
Conductivity levels were monitored using a conductivimeter (Radio-
meter CDM210).

In order to minimize cell adhesion to the microchannel inner
surface, 0.1% (v/v) of bovine serum albumin (BSA) was added to these
solutions. Cell suspensions from the in vitro cultures were prepared by
centrifugation at 2100 rpm, using 5 to 10% parasitaemia levels and
diluted in the previous solutions at a final density of 10° cells/ml.

To quantitatively detect the degree of separation, a fluorescent dye
was used in the experiments to facilitate tracking of the infected
erythrocytes inside the microfabricated sorting device. Cells were
labelled with 25 pg/ml of ethidium bromide (Qbiogene, ETBC1001), a
nucleic acid intercalator. Label-free sorting experiments were also
performed where the fraction of sorted cells was stained afterwards.
Viability tests with 6-carboxyfluorescein diacetate (CFDA; Sigma-
Aldrich, cat. no.C5041) were carried out before and after the dielec-
trophoretic sorting, in order to evaluate cells sensitivity to the electric
field, as previously described [19].

2.2. Device fabrication

As schematically shown in Fig. 2 (top left and right), the micro-
fabricated chip used contains an array of 15 pairs of metal electrodes
designed along the sides of a microchannel. These electrodes (20 nm
Ti for adhesion, 200 nm Pt) were patterned by a standard lift-off
process on a 550 pm float glass wafer. In order to form the lateral and
middle channels on top of the electrodes, a 20 um layer of SU-8 was
patterned by photolithography. The central channel obtained (where
separation is performed) is 40 pm wide and 1200 pm long. The fin-
ished wafer was diced and each individual 15 mmx20 mm chip was
reversibly sealed by means of a flat PDMS (a silicone elastomer, poly
(dimethylsiloxane)) cover. In previous work, microchip configurations
identical to the one described above, containing only 2 pairs of elec-
trodes have been presented [19,20].

2.3. Experimental setup

Prior to chip/PDMS assembly, the PDMS cover was placed in
vacuum for 30 min. This treatment was necessary to avoid the
trapping of air bubbles inside the microchannels, improving gas
evacuation by diffusion into the PDMS. Each microchip was then
mounted on a poly(methylmethacrylate) (PMMA) custom-made fluidic
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Fig. 2. Microfabricated flow cytometer setup. (A) Chip photograph. (B) Illustration of the electrode pairs along the microchannel. (C) Complete setup, including electrical and

pneumatic connections.

interface that included: i) inlet and/or outlet holes for fluid injection
and ii) connections to a pneumatic system which has already been
presented [21]. The pneumatic system enabled fine control of the cell
suspension inside the microfluidic device through pressure driven flow.
Fig. 2 (bottom) illustrates the whole structure connected to a printed
circuit board (PCB) where the electric interface was made with spring
contacts. The PCB board provided amplification and conditioning of the
voltage signals applied at the metal electrodes. The whole assembly was
mounted on top of an inverted epi-fluorescence microscope (Nikon
Eclipse TE-2000-S) for cell visualization inside the device. Before each
sorting experiment, the inlets and outlets of the lateral channels were
filled with 15 pl of the low conductivity PBS buffer whereas the inlet of
the middle channel was loaded with 15 pl of the cell suspension. The top
of the wells was sealed with scotch, forming an airtight connection of
the wells to the pressure inputs.

In this microfabricated flow cytometer, the cell stream was focused
by sheath flow, priming PBS on the lateral channels, and also by elec-
trical focusing. A cell flow of 0.1 pl/min was used and sinusoidal AC
electric potentials were applied at each set of electrodes (left and right
electrode arrays), in order to perform the electrical cell focusing by
nDEP (Fig. 3). In order to avoid the interference between the two elec-
tric fields and a resulting beating effect, two different frequencies
were used. These sinusoidal focusing signals were designated Vg
and Vier, and were applied at frequencies of 56.8 kHz and 24 kHz and
amplitudes of 8.5 and 10 V peak-to-peak (Vpp), respectively.

In order to separate the normal from the B. bovis infected eryth-
rocytes, an extra signal of 4-15 Vpp (Vscan) was added to Viep. The
amplitude of this signal was adjusted to the highest value that
wouldn't enable cell attraction to the electrodes. The frequency was
swept from 100 kHz to 20 MHz with the purpose of identifying the
optimal frequency for separation of both cell types.

Vrerz and Vicap, signals were generated using two 20 MHz DDS func-
tion generators (TTi TG2000), whereas the Ve signal was generated
by a 2 MHz sweep function generator (Escort EGC-3230). Videos of the

nRBC
PBS +RBC PBS

|
’\{\/ Vi
WW V..,

Fig. 3. Schematic diagram showing the applied voltages and cell flows inside the
microchip. The PBS lateral inputs on the top of the figure are used for hydrodynamic
focusing of the cell suspension, while the PBS input in the bottom is used to aid the
separation of both cell types.
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separation were acquired using a CCD digital camera (Evolution MP
Version 5.0) and image analysis software (Image Pro Plus version 5.1
from Media Cybernetics). Quantification of the separation extent was
performed by analysis of the captured video sequences obtained at
each sorting experiment.

2.4. Image analysis

A routine for post-processing the captured video sequences was
written in MATLAB (The Mathworks, Inc.). The program allowed an
estimation of the distribution of normal and infected cells along the
channel after sorting, in order to quantify the extent of DEP separation
at each frequency.

A thin section of the image sequence, corresponding to the region
of the channel after the sorting, was chosen, where both normal and
infected red blood cells were counted. This section was always located
in the middle channel, after the last pair of electrodes. The background
is then estimated and removed from each frame, resulting in a
sequence of images that only contained cells crossing the selected
section in a specific time frame. For each frame, an image matrix was
obtained containing the colour intensity values for each pixel. By
adding the intensity values along the direction of the channel, a vector
was obtained. By choosing the section thin enough, one can make sure
that no cells are superimposed when adding. Assuming that the
normal erythrocytes are darker and that the infected (stained with a
fluorescent marker) are brighter than the background, it is possible to
identify each cell in the obtained vector. By comparison of the bright-

30mS/m

63mS/m

ness values with threshold values previously chosen, the program
calculates the position of the cells in the channel and stores them. The
cell positions obtained for each frame were then integrated in time,
resulting in a distribution of the cells in the microchannel for a given
sequence of frames. Assuming a normal distribution of the cells along
the channel, Gaussian curves were fitted to the obtained data and
normalized, resulting in a probability density function for each cell
type. This allowed the comparison of the cell separation using different
separation parameters (Vscan frequency and medium conductivity).

3. Results and discussion

Post-processing of the video sequences captured for each sorting
experiment allowed an evaluation of the separation extent between
normal and B. bovis infected erythrocyte populations. As the DEP force
depends on the CM factor and this on the conductivity and permittivity
of the cell and medium, the sorting experiments were performed using
different medium/buffer conductivities (~10 to 86 mS/m range). The
extent of separation was evaluated by means of the probability of each
cell type to cross a specific region of the chip microchannel (region
after the electrodes, where the cells are directed to the respective
outlets).The results were displayed in Gaussian curves versus the dis-
tance cells occupied in the microchannel after sorting. Therefore, a
high degree of separation meant that a high proportion of normal
erythrocytes would be seen in a specific region of the channel, whereas
the majority of B. bovis infected erythrocytes would occupy a different
region in the same channel.
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Fig. 4. Probability density functions obtained for the distribution of normal (solid line) and B. bovis infected red blood cells (dashed line) along the channel width after DEP separation.
Results show sorting performed at 30, 63 and 86.7 mS/m medium conductivities and frequencies ranging from 600 kHz to 20 MHz.
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To maximize the separation extent, in addition to changing the
electric properties of the medium where cells were suspended, the
frequency of the electric field applied was swept from 100 kHz to
20 MHz. Fig. 4 shows the probability distributions for each cell type at
different frequencies and medium conductivities.

Note that these plots represent the probability density function for
each cell type, and not the relationship between both cell distributions
(in the later case it is necessary to take into account the parasitaemia
levels). The depicted results illustrate a high degree of separation at
63 mS/m, in comparison to the results obtained at 30 mS/m and
86.7 mS/m, where small separation peaks between normal and B. bovis
infected erythrocytes were obtained. At the low frequencies of 100-
300 kHz (data not shown) and 600 kHz, no separation is observed,
meaning that these low frequency electric fields are not capable of
discriminating between infected and normal cells.

In order to prevent the adhesion of normal red blood cells to the
electrodes, voltage levels were adjusted from 4 to 15 Vpp and separation
of each cell type to the respective outlet was possible (Fig. 5A).

Starting from 2500 kHz, a slight deviation between both cell types
is observed due to the strong pDEP phenomenon in normal red blood
cells. This effect is more prevalent at 63 mS/m. Increasing the frequen-
cy to 4 MHz enables higher peak separation. Nevertheless, a further
increase in frequency does not produce better separation results.
Instead, B. bovis infected cells start experiencing pDEP, decreasing the
separation efficiency. This effect was observed at frequencies above
9 MHz at all the medium conductivities used.

The highest degree of separation was observed at 4 MHz and 63
mS/m. Using these parameters, and starting with an initial para-
sitaemia of 7%, it was possible to achieve a final parasitaemia of 50%
(Fig. 5B).

A control experiment was performed using the same separation
procedure without ethidium bromide labelling. Cells were collected
from the outlet, ethidium bromide stained and counted under the epi-
fluorescent microscope. Approximately the same enrichment level
was achieved (see Table 1), meaning that the deviation of cells was
due to the dissimilar electrical ‘phenotype’ of normal and B. bovis
infected cells and not due to labelling.

The use of this microfabricated flow cytometer allowed a ~7 fold
enrichment in B. bovis infected cells, using just a few microliters of cell
suspension and without affecting cell viability (data not shown). As
previously mentioned, the cell separation depends on the DEP force
exerted, and this is a function of the membrane capacitance, mem-
brane conductivity, and internal conductivity of the cells. The normal
and Babesia spp. infected cells' membrane conductivities have been
measured and are different [9]. This study took advantage of these
features in order to perform the label-free separation of both cell
types. An increase in separation efficiency might be possible through
redesign of the microchip's configuration. For example, immediately

Table 1

Cell counting of normal (nRBC) and B. bovis infected red blood cells (iRBCs) containing
samples from both left and right outlet channels and from middle inlet channel for
sample priming

Parameter Middle inlet channel Right outlet channel Left outlet channel
(sample priming)

# iRBCs 25 74 20

# nRBCs 536 87 257

PPE (%) 7 46 7

Cells were stained after collection from the microchip and counted under an epi-
fluorescence microscope.

The parasitaemia percentage (PPE) is calculated by counting the number of parasitized
red blood cells in 1000 cells suspension.

after a first sorting step, cell recirculation could be promoted from the
outlet to the inlet or subsequent sorting regions could be added to
consecutively enrich each cell type fraction.

4. Conclusions

Previous studies have shown that it is possible to discriminate
between normal and B. bovis infected erythrocytes only by their
electrical ‘phenotype’ [19]. However, if in one case these dissimilarities
are used for label-free characterization and cell type discrimination,
here the different dielectric characteristics were used for cell sepa-
ration. The differences observed between normal and B. bovis infected
erythrocytes arise from the changes in membrane and cytosol mor-
phology as a consequence of the high metabolic activity of B. bovis
infected erythrocytes in comparison to the simpler metabolism and
biochemistry of the normal erythrocyte [9].

The miniaturized flow cytometer described proved to be useful in
the enrichment of Babesia spp. infected cells using very small amounts
of sample. Additionally, no label or sample preparation was necessary,
proving to be advantageous when compared to the existing methods,
where high amounts of sample are needed and several centrifugation
steps are essential [8,9]. A parallelism can be made to a hypothetical
system where human erythrocytes infected, for example, with Plas-
modium spp., can be separated from healthy cells, but first isolating
the fraction of erythrocytes by centrifugation, and then applying DEP
for separation of normal and infected cells. This can be made, because
the same antigenic and cytoskeleton changes occur in both cases, but
more dramatically in Plasmodium spp., where the production of the
pigment hemozoin induces greater host cell modification.

This device has the potential of being incorporated into an inte-
grated lab on a chip (LOC) device that performs cell sorting, cell
cultivation and in vitro single-cell analysis. Such a LOC device might be
used in the diagnostic of babesiosis in a near future. Incorporation of a
lysis region after the sorting module used, would allow DNA removal

Fig. 5. Dielectrophoretic sorting of normal and B. bovis infected erythrocytes at 4 MHz and 63 mS/m phosphate buffer. Red spots are B. bovis infected erythrocytes stained with
ethidium bromide (25 pg/ml). (A) Cell separation after DEP sorting (region after the electrodes). Arrows were added for clarity, black for normal RBCs and white for infected RBCs.
(B) Microfluidic outlet after separation. Parasitaemia percentage was calculated by image analysis and estimated to be 50% at the end of the sorting procedure.
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to be used in a hybridization step similar to the reverse line blot tech-
nique used for the diagnostic of babesiosis [22]. Such portable device
would be suitable for the in situ diagnostic of Babesia spp. and similar
protozoan parasites. Most countries affected by the disease lack the
equipment and infrastructures that would allow a rapid and efficient
diagnostic and a LOC device would reduce the diagnostics time re-
sponse, preventing spread of the disease.
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Photosystem II (PSII) complex activity is known to decrease under strong white light illumination, and this
photoinhibition phenomenon is connected to the photobleaching of the PSII photosynthetic pigments. In this
work the pigment photobleaching has been studied on PSII core complexes, by observing the effects of
different factors such as the aggregation state (PSII monomers and dimers were used), temperature (20 °C
and 10 °C temperatures were tested) and the presence of the exogenous phospholipids (cardiolipin and
phosphatidylglycerol). In particular, PSII resistance against white light stress was studied by means of UV/VIS
Absorption and Fluorescence Emission measurements. It was found that PSII dimers resulted more resistant
against photobleaching and that lower temperature reduces the pigment photodestruction. Moreover, the
presence of phosphatidylglycerol or cardiolipin enhanced the PSII resistance to the photobleaching
phenomenon, mainly at lower temperatures.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

It is widely proved that prolonged exposure of photosynthetic
oxygen evolving membranes leads them to an evident loss in the
photosynthetic activity, which is commonly known as photoinhibition
[1]. This kind of photodamage, which targets mainly the Photosystem
1T (PSII) protein, is due to the incapability of photosynthetic proteins to
convert all the exceeding energy into electrochemical energy by the
electron transfer: therefore, under strong illumination and aerobic
conditions, the excess in energy brings about the formation of singlet
oxygen molecules, which in PSII is responsible for the damage of the
D1 polypeptide, as well as of the pigments present as cofactors in the
protein scaffolds [2,3]. The primary target for the singlet oxygen is not
known for sure, but some experimental evidences showed that this
species preferentially destroys the P680 chlorophyll [4] by oxidative
disruption of the m-electron system [5]. Then, the singlet oxygen
production does not stop after P680 is oxidized, since triplet states are
generated in the disconnected antenna systems by intersystem
crossing [6]. The photodisruption of photosynthetic pigments (com-
monly chlorophylls and carotenoids) under strong illumination is an
important phenomenon which is called photobleaching. Different
hypotheses have been proposed about what the main step in
photoinhibition consists in [1,5,6], and recent studies assert that the

* Corresponding author. Dipartimento di Chimica, Universita degli Studi di Bari, Via
Orabona 4, 70126 Bari, Italy. Tel.: +39 080 5443443; fax: +39 080 5442128.
E-mail address: catucci@chimica.uniba.it (L. Catucci).
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doi:10.1016/j.bioelechem.2008.04.007

main step of the photoinibition could be attributed to inhibition at the
PSII acceptor side, and in particular at Q4, whose function was found to
be impaired because of its double reduction during the early phase of
photoinhibition [1,7,8]. The doubly reduced Q4 is an unstable state and
it can react with P680 bringing about the formation of P680 triplet,
responsible in turn of the production of singlet oxygen [9]. The singlet
oxygen formation could occur also by participation of Fe-S centers in
thylakoid membranes [10]. It has been proposed that also an
additional photoinhibition at the PSII donor side can occur: in this
case, the inactivation has been shown to result from impairment of
electron transport between the manganese cluster and P680 [1].
Anyway, for both the mechanisms proposed for photoinactivation,
although they originate from the acceptor or donor side, the final
damage to the reaction center is most probably around the primary
electron donor P680 [1].

Recently, it has been demonstrated that also the Photosystem I
(PSI) can be photoinhibited, particularly at low temperature in chilling
sensitive plants [11]; this inhibition process was found to be more
important for the Light Harvesting Complex (LHCI) of PSI than for the
PSI core complex [12] and this suggests that the photobleaching could
have a key role in the photoinhibition process, as well as temperature.

In general, during the photobleaching process, a loss of bulk
photosynthetic pigments occurs and a greater amount of the excess
energy reaches the holochromes, which are the pigment cofactors of the
proteins, located at the end of the energy migration pathways; therefore,
the holochromes undergo faster photobleaching. As reported, the
chlorophyll aggregates which absorbs light at longer wavelengths, bleach
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before the holochromes absorbing at shorter wavelengths [13,14], and the
pigments of PSI submembrane fractions bleach slower than those of PSII
complex, the latter being more sensitive towards photoinhibition, as
reported by Miller and Carpentier [15].

The photobleaching process can be enhanced in the presence of
compounds which inhibit the photosynthesis, such as herbicides
interacting at the PSII Qg side [16]; however, the photobleaching can
also be avoided by adding compounds which act as singlet oxygen
scavengers, such as histidine and rutine [6], or anti-radical species like
a-tocopherol, superoxide dismutase, ascorbate, flavonols and carote-
noids [15], thus confirming the key role of oxygen in the photoinhibi-
tion and photobleaching phenomena. In general, different factors can
be involved in the pigment photobleaching.

In this work, functionally active PSII core monomers and dimers
were previously isolated, and then the effects of their aggregation
state, of temperature and of phospholipids (in particular phosphati-
dylglycerol and cardiolipin) on PSII pigment photobleaching were
studied. It is interesting to carry out investigations on the role of
phospholipids in the PSII stabilization against light excess, since data
in the literature show that lipid environment is very critical in fixing
the biophysico-chemical properties of many intrinsic proteins [17]. In
particular, it has been documented that phosphatidylglycerol (PG)
plays specific roles in the electron transport at the Qg-binding site in
PSII complexes and in their dimerization processes [18,19]; moreover,
it has been recently reported that cardiolipin (CL) content is enriched
in the purified PSII complexes and CL content per reaction center was
found to be double in PSII dimers than in monomers [20].
Furthermore, studying the effect of the PSII aggregation state is
attractive because data report that the dimer state is more functional
and stable than its monomeric counterpart [21]: these observations
could give rise to the question if PSIl dimer pigments are more
resistant against photobleaching than monomer ones. Also the
temperature is an important factor to consider, since for thylakoid
membranes lowering the temperature can avoid almost completely
the pigment photobleaching [16], and since it was found that PSI can
be photoinhibited especially at low temperature in some chilling
sensitive plants [22].

2. Materials and methods
2.1. Materials

Triton X-100, n-dodecyl-3-p-maltoside (DM), n-octyl-3-bp-gluco-
pyranoside (OG), [2-N-morpholine]ethane-sulphonic acid, NaCl,
CaCl,, NaHCO3; were purchased from Sigma; acetone (99.8%) and
sulphuric acid (96%) were purchased from C. Erba; 2,5-dichloro-p-
benzoquinone was purchased from Kodak. Lipid standards, dipalmi-
toyl phosphatidylcholine (DPPC), PG and CL, were purchased from
Sigma. In particular, PG ammonium salt from egg yolk lecithin was
used, having 34% C(16:0), 2% C(16:1), 11% C(18:0), 32% C(18:1), 18% C
(18:2), 3% C(20:3) as acyl chain composition; CL sodium salt from
bovine heart was purchased, having 1% C(16:0), 2% C(16:1), 8% C(18:1),
87% C(18:2), 1% C(18:3) as acyl chain composition.

2.2. Isolation of PSII core monomers and dimers

Chloroplasts, thylakoids and membrane fractions enriched in PSII
were isolated from market spinach leaves according to Hankamer's
procedure [23-26]. Chloroplasts were obtained from spinach leaves
using differential centrifugation and thylakoids from chloroplasts by
their rupture in a hypotonic solution. Thylakoids were solubilized with
Triton X-100 in order to extract PSll-enriched membranes (BBYs).
These last membranes were solubilized with OG to detach the LHCII
proteins from the PSII core (OG-core complexes). OG-core complexes
were then diluted with an aqueous buffer (MNCB) containing [2-N-
morpholine]ethane-sulphonic acid (25 mM), NaCl (10 mM), CaCl,

(5 mM) and NaHCOs (10 mM), and DM was added to the solution, in
order to obtain a chlorophyll (Chl) concentration of 0.5 mg/ml and a
25 mM DM concentration. Sucrose gradients, supplemented with DM
(0.03%, w/v), were employed to obtain oxygen evolving PSII core
monomers and dimers which lack the 23 and 17 kDa extrinsic proteins
and the CP29, CP26, CP24 chorophyll binding proteins. The concen-
tration of PSII complex samples was estimated as Chl mg/ml [27] and
adjusted to 0.015 mg/ml for all the measurements in this work.
Oxygen evolution rates were obtained by means of a composite
oxygraphic device by Rank Brothers. Values of about 400 pumol O,/h
mg chl were obtained for freshly prepared PSII complexes.

2.3. High light treatment

The illumination of isolated PSII core monomers and dimers was
conducted in temperature-controlled vessel under continuous stirring,
at 20 °Cor 10 °C. Fluorescence emission and absorption measurements
were carried out during illumination at different sampling times.

The PSII suspensions were exposed to heat filtered white light by
means of an optical fibre lamp at 150 W (lamp temperature 3300 K),
under aerobic conditions, for 20 min. In the experiments for
investigations on the effects of phospholipids, PG and CL were
added to PSII solutions before illumination: the obtained lipid/PSII
ratio (mol/mol) was about 100, in accordance with the experimental
observations by Kruse et al. [28].

2.4. Steady-state fluorescence and absorption measurements

Fluorescence measurements were carried out using a Varian Cary
Eclipse spectrofluorimeter. Visible absorption spectra were recorded
using a Varian CARY/3 spectrophotometer using 1 cm path length
quartz cells.

2.5. Statistical analysis

The GraphPad InStat software (Sigma, St. Louis, MO) was used to
process the data by analysis of variance (ANOVA) to indicate
statistically significant differences between means (one-way ANOVA
with post-hoc Tukey test, p<0.05).

All reported data represent mean values (standard deviation
obtained from three replicates).

3. Results and discussion
3.1. Photobleaching of PSIl monomer core complex

In Fig. 1, the visible absorption spectra of untreated PSII monomer
and of PSIl monomer after 20 min of constant white light illumination
at 20 °Care reported. The spectra show typical absorption peaks at 675
and 436 nm due to chlorophyll a and shoulders in the range 450-
550 nm attributable to carotenoids [29-33]. It can be confirmed that
the absorption intensities at 436 and 675 nm decrease with time of
irradiation, as it was expected.

The rate of intensity decrement for the 675 nm was found to be
similar to the one for the 436 nm peak; actually, the Ag75/A436 ratio
was found to be equal to 0.73 at zero time and to 0.70 after 20 min of
constant illumination. As it can be noticed, the shoulder at about
550 nm, typical for carotenoids, almost completely disappears after
20 min of light stress. These information agree with data in the
literature, which in particular assert that long wavelength absorbing
chlorophylls and carotenoids are the first species to be influenced by
strong light irradiation under aerobic condition [6]. In addition, the
position of the peak in the red region changes from 675 nm at zero
time, to 673 nm after 20 min of illumination; a blue shift can also be
pointed out for the blue region peak, which is at 436 nm at zero time,
and at 435 nm after 20 min of light stress. These blue shifts are in
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Fig. 1. Effect of illumination on PSIl monomer absorption spectra at 20 °C: PSIl monomer
absorption spectra at zero time (continuous line) and after 20 min of constant white
light illumination (dashed line). The inset shows the second derivatives absorption
spectra in the red region.

accordance with data previously reported in the literature and could
be due in part to the loss of coupling between chlorophylls, and in part
to the fact that chlorophylls absorbing at longer wavelengths are
bleached first than others [15,34]. This is confirmed by analysis of the
second derivative absorption spectra in the red region reported in the
inset of Fig. 1. As it can be observed two peaks contribute to the main
absorption band at 675 nm, the peak at 680 nm, considered mostly
due to P680 and the peak at 670 attributed to peripheral chlorophyll
[35,36]. It is evident that the decrease at 680 nm was more
pronounced than that at 670 nm after light treatment.

In Fig. 2 it is possible to observe the time evolution of steady-state
emission spectra of PSIl monomer complexes for a period of time of
20 min under constant illumination at 20 °C: emission spectra show a
typical band at 683 nm and a shoulder at 740 nm, which probably
originated from a vibrational sublevel as indicated in literature [37-
39]. Adecrease in the fluorescence emission intensity is evident under
light irradiation. As reported in a previous paper [40], PSII complexes
in aqueous buffer and in the absence of sucrose can be involved in an
aggregation process, which causes a decrease in their chlorophyll
fluorescence emission intensity (fluorescence emission quenching)
which is not correlated to the photobleaching process. In order to
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Fig. 2. Effect of illumination on PSIl monomer fluorescence emission spectra at 20 °C:
PSII monomer emission spectra at zero time (continuous line) and after 20 min of
constant white light illumination (dashed line). The inset shows the emission intensity
% at 683 nm as a function of time under light (continuous line, full squares) and dark
conditions (dashed line, empty squares) for PSIl monomers (lines are guides to read the
graph). The excitation wavelength is 436 nm.

exclude that the emission intensity reduction was due to PSII
aggregation processes, also PSII monomers emission in dark condi-
tions was checked. However, it has to be considered that PSII samples
had been treated with sucrose which is known to preserve photo-
synthetic proteins, also from aggregation processes [21]. In the inset of
Fig. 2, the PSII emission intensity decrement percentages (at peak
value) are reported as function of time in dark or light conditions at
20 °C; the decrements are all normalized with respect to the zero-time
intensity value, as for all the measurements reported afterwards in
this paper. Although a small decrement in the emission intensity was
recorded for untreated samples, the decrease under light conditions
was much faster than in dark conditions; it can be concluded that
the emission intensity decrement showed in Fig. 2 can be mostly
attributed to the light stress.

All these observations confirm that the strong illumination brings
about a time dependent-destruction of the pigments present in the
PSII monomers; this photobleaching is a photooxidative process
caused by the protein incapability to convert the excessive energy by
the electron transport, and the relevant photodamage is reported to be
irreversible [1].

3.2. Effect of PSII aggregation state

It is widely demonstrated that PSII can exist in vivo as both a
monomeric and a dimeric protein complex; evidences suggest that the
dimeric form is more functional and stable than the monomeric one
[21]. Here the photobleaching process has been observed both for PSII
monomers and dimers, in order to check any differences due to the
protein aggregation state.

In Fig. 3 the emission decrements at peak value (683 nm) are
reported for PSIl monomers and dimers as a function of the illumination
time (20 min) at 20 °C; the intensity values are percentages normalized
with respect to the value at zero time for each sample. The same
experiment was monitored by visible absorption giving rise to values of
percentage absorbance (at 675 nm) equal to 61.6% for monomers and to
79.5% for dimers after 20 min of illumination. A decrement in both
fluorescence and absorption intensity can be observed for PSII
monomers and dimers, but dimer pigments appear to be more resistant
and stable than monomer ones against the strong illumination. In
particular the P680 seems to be better preserved in dimer complexes as
suggested by the second derivative absorption spectra reported in the
inset of Fig. 3 in which a lower decrease of the band at 680 nm for the
dimer with respect to that of monomer is observed after light treatment.
The reduced photobleaching of the long wavelength absorbing
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Fig. 3. Emission intensity % at 683 nm as a function of time for PSII monomers
(continuous line, full squares) and PSII dimers (dashed line, empty circles) under
constant white light illumination at 20 °C. Lines are guides to read the graph. The inset
shows the second derivatives of the PSIl monomer and dimer absorption spectra,
recorded after 20 min of constant white light illumination. The excitation wavelength is
436 nm.
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Table 1
Ratios of absorbance second derivatives at 680 and 670 nm for PSII monomers and
dimers at zero time and after 20 min of strong white light illumination

PSII samples d” 680 d” 670
20°C 10°C
Monomer =0 1.57 1.74
t=20’ 0.95 11
Dimer t= 1.67 1.72

chlorophylls accounts also for the observed reduced blue shift (1 nm) of
the absorption band at 675 nm observed for treated dimer compared to
monomer which presents a shift of 2 nm of this red absorption band
when illuminated with strong light for 20 min. Since it has been reported
[41] that inhibition of electron transport does accelerate the pigment
bleaching process in photosynthetically active material, the higher
integrity of both donor and acceptor side, as well as, the higher P680
stability recorded for PSII dimer complexes could account for the slower
photobleaching observed for these complexes.

3.3. Effect of temperature

The temperature dependency of pigment photobleaching was also
studied. In particular lowering the temperature from 20 °C to 10 °C
reduced absorption and emission spectra changes, recorded after
illumination of samples. The temperature effect was more pro-
nounced for PSII monomer than dimer. The absorption decrease, in
fact, equal in the blue and in the red region for both PSII complexes,
passed from 38.4% to 21.8% and from 20.5% to 13.4% when monomer
and dimer respectively were illuminated at 10 °C. At this lower
temperature P680 seems to be stabilized both in monomer and dimer
complexes, as suggested by the higher second derivative absorption
ratio values (dego”/ds70") reported in Table 1. According to the
absorption data reduced emission decrement were mainly observed
for monomer samples illuminated at 10 °C (data not shown).

3.4. Effect of lipids

Subsequently, the effect of the phospholipids CL or PG on PSII
pigment photobleaching phenomenon was investigated. As reported
in the material section, PG ammonium salt from egg yolk lecithin was
used, having 34% C(16:0), 2% C(16:1), 11% C(18:0), 32% C(18:1), 18% C
(18:2), 3% C(20:3) as acyl chain composition; CL sodium salt from
bovine heart was also tested, having 1% C(16:0), 2% C(16:1), 8% C(18:1),
87% C(18:2), 1% C(18:3) as acyl chain composition.

It should be noted that adding phospholipids could enhance PSII
aggregation processes, as recently reported by our group [42]: this
phenomenon could produce a progressive Resonance Light Scattering
increment and an emission decrement due to chlorophyll quenching
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[43], that could slightly interfere with the emission changes due to
photobleaching. Even if this interfering effect can be considered as
negligible, in order to slow down these protein aggregative processes,
thus reducing the consequential emission quenching and minimizing
interferences for the photobleaching experiments, PSII samples were
used with sucrose as osmo-protectant.

In the photobleaching experiments here reported, the intensitiy
and the absorbance percentages were calculated with respect to initial
values: in Fig. 4a, the emission percentages (at 683 nm) after 20 min
with respect to the zero-time values under strong illumination are
reported for PSII monomers or dimers in the absence of exogenous
lipids and in the presence of PG or CL at 20 °C; the percentages are
averages of three replicates. No particular effect on monomer
photobleaching rates can be noticed by these experiments. This effect
on PSII monomers seems to be more evident in the presence of PG. For
dimers no effect was observed in presence of phospholipids CL or PG.

3.5. Effect of lipids and temperature

In order to investigate the concomitant effects of phospholipids
and temperature, the measurements were repeated at 10 °C both for
monomers and dimers.

From Fig. 4b it is clear that lowering the temperature enhances the
stabilizing effect of PG with respect to PSII monomer photobleaching,
since the emission intensity decrement under strong illumination
appears to be slowed down in the presence of this particular lipid.
These observations are confirmed by the absorption measurements
(data not shown). No evident effect was pointed out in the presence of
CL, even at 10 °C.

For PSII dimers, stabilizing effects were noticed in the presence of
both CL or PG, but the latter resulted to stabilize more evidently the
PSII complexes against the photobleaching.

It can be hypothesized that PG and CL could act as oxygen
scavengers, thanks to their double bonds, this explaining their
stabilizing effects with respect to PSII complexes at low temperatures.
In order to make this hypothesis stronger, the emission experiments
were repeated by adding a fully saturated lipid (DPPC) to PSII
complexes (monomers or dimers) at 20 or 10 °C (data not shown).

In every tested case it was found that the residue PSII complex
emission percentage in the presence of DPPC was less than in the
absence of exogenous lipids: for instance, for dimers at 10 °C, i.e. in the
conditions in which the lipids effects were found to be the most
evident, the residue PSII emission percentage was 15.41%, that is a
value smaller than for PSII in the presence of the other tested lipids.
Therefore, since in the presence of unsaturated phospholipids the
emission of PSII complexes was found to be better preserved, it can be
hypothesized that PG and CL double bonds can be involved in the
oxygen scavenging.
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Fig. 4. PSIl monomer and dimer emission intensity percentages after 20 min of constant white light illumination at 20 °C (panel “a”) or at 10 °C (panel “b”), in the absence or in the

presence of PG or CL. The excitation wavelength is 436 nm.
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4. Conclusions

The results obtained in this work showed that the PSII pigment
photobleaching phenomenon, caused by the exposition of the com-
plexes to strong constant illumination, could depend on the aggregation
state of the protein themselves. Actually, it was found by fluorescence
emission and absorption measurements that the PSII dimer pigments
were bleached more slowly than the monomer ones, and also the
residue fluorescence emission intensity and absorption after 20 min of
white light exposition were higher for PSII dimer pigments at 20 °C.
These data are in accordance with results previously reported in the
literature, according to which PSII dimeric state is a more functional and
active form than the monomeric one [21], and it is possible that this
affect also the protein pigment photobleaching. The effect of adding
phospholipids PG and CL was also checked, and as a result it was found
that the PSII emission intensity was only slightly better preserved in the
presence of one of these two lipids at 20 °C, the effect being more evident
in the presence of PG, for both PSII monomer and dimer pigments.
Moreover, the consequence of lowering the temperature was investi-
gated, by repeating all the experiments at 10 °C: the residue emission
intensity after 20 min of high-light stress was found to be interestingly
higher in the presence of the phospholipids, in particular of PG, for both
PSII monomer and dimer pigments at 10 °C. The fact that the presence of
PG or CL may improve the PSII resistance against strong illumination
could be due to the mechanism of PSII photoinhibition and in particular
to the important role played by singlet oxygen molecules: it is possible
that PG and CL can act like oxygen scavengers by being easily oxidized by
the singlet oxygen molecules generated under high-light conditions, as
reported for different lipids and fatty acids in the literature [34,43,44].In
fact, the lipids are propense to be oxidized by oxygen, and the reaction is
known to be favoured in the presence of singlet oxygen molecules. In
particular, singlet oxygen can add to the double bonds of polyunsatu-
rated fatty acid chain producing lipid peroxides [44,45]. This hypothesis
was also enforced by further tests in which a fully saturated lipid (DPPC)
was added to PSII complexes, bringing about no significant effect.

The synergic effect of lowering the temperature and adding PG or CL
could cause the oxygen species to move slower than at 20 °C, and this
effect should be more evident if the PSIl complexes were embedded in the
thylakoid membranes, since the membrane fluidity is strongly dependant
on the temperature. In fact, it has been reported [16] that lowering the
temperature to 4 °C can almost completely protect the protein pigments
from photobleaching in spinach thylakoid membranes: several hypoth-
eses were done to explain this effect, and the most plausible of them
consisted in the fact that at 4 °C the mobility of the oxygen molecules is
drastically reduced, especially across the membrane system and therefore,
for the oxygen it is more difficult to reach the electron transport chain and
to produce singlet oxygen molecules able to destroy the pigments and to
damage the D1 subunit [16]. Our results seem to confirm this hypotheses,
since although the isolated PSII core complex photobloeaching was not
found to be strongly dependant on the temperature, after the addition of
phospholipids PG or CL, the temperature appeared to influence the
photosynthetic pigment resistance against the high-light stress.
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In this paper, we provide an update on cation channels in nucleated chicken erythrocytes. Patch-clamp
techniques were used to further characterize the two different types of cation channels present in the
membrane of chicken red blood. In the whole-cell mode, with Ringer in the bath and internal K* saline in the
pipette solution, the membrane conductance was generated by cationic currents, since the reversal potential
was shifted toward cations equilibrium when the impermeant cation NMDG was substituted to small cations.
The membrane conductance could be increased by application of mechanical deformation or by the addition
of agonists of the cAMP-dependent pathway. At the unitary level, two different types of cationic channels
were revealed and could account for the cationic conductance observed in whole-cell configuration. One of

Keywords:
Red blood cells
lonic channels

Patch-clamp them belongs to the family of stretch-activated cationic channel showing changes in activity under
Chicken conditions of membrane deformation, whereas the second one belongs to the family of the cCAMP activated
Cation cationic channels. These two channels could be distinguished according to their unitary conductances and

drug sensitivities. The stretch-activated channel was sensitive to Gd** and the cAMP-dependent channel was
sensitive to flufenamic acid. Possible role of these channels in cell volume regulation process is discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The membrane of healthy unstimulated red blood cell (RBC) is
characterized in most species by very high permeability to CI” ions due
to the presence of highly efficient CI"/HCO3 exchanger [1] and a low
permeability to small cations. However, this membrane may become
more permeable to cations in response to physiological challenge such
as cell volume regulation after anisosmotic perturbation [2,3], hormonal
stimulation [4], genetic disorder such as sickle cells disease [5-7] or after
infection by the malaria parasite Plasmodium spp. [8-12]. These changes
in cation permeability may occur via electroneutral transporters (KCl
and NaK2Cl cotransporter [13,14] K*(Na*)/H* [15]or Na*/H* [16]
exchangers for review see [1]) or via conductive pathways such as ion
channels [17]. This is particularly relevant in the context of changes in
membrane permeability properties after infection by Plasmodium spp.
Indeed, to accomplish its life cycle, the parasite needs to synthesize new
membrane and to be supplemented in the phospholipid precursor
choline which is present in cationic form in solution. Moreover, recent
evidences are given that malaria-induced cation permeability is
important for growth [18].

It is now firmly established that non-selective cation (NSC)
channels are present in all erythrocytes studied so far [11,19-25].
But, whereas channels of this type have been described for a variety of

* Corresponding author. Tel.: +33 298 29 23 82; fax: +33 298 29 23 10.
E-mail address: egee@sb-roscoff.fr (S. Egée).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.003

preparations, the molecular identity of these channels is at present
unknown.

Most of them are inhibited by the antiinflammatory drug flufena-
mate (10~* M) as well as by gadolinium ions (Gd>* 107°-10"3 M) and
most typically, their conductance is in the range of 15-25 pS. Here we
readdress the characterization of the cation channels present in the
chicken RBCs. The present study extends the previous evidence showing
that the chicken red blood cell membrane is endowed with two types of
NSC channels. The first channel type is non-selective for monovalent
cations, it is clearly sensitive to membrane deformation and inhibited by
Gd>*. The second type of channel described in the present paper is
activated either by or via a cAMP-dependent pathway and can be
distinguished from the stretch-activated NSC channels by its unitary
conductance and sensitivity to flufenamic acid. Possible role of these
channels in cell volume regulation processes is discussed.

2. Materials and methods
2.1. Preparation of cells

Five-week-old chickens (Gallus domesticus) were obtained from “La
Ferme de Mezarc'han” located in Saint-Pol-de-Leon (Brittany, France),
held indoors and allowed access to diet and water ad libitum. Diet was
a standard commercial corn-soybean meal ration. The chickens were
anesthetized with chloroform, and blood samples were drawn by
cardiac puncture using 18 gauge needle and heparinized syringe. The
blood cells were washed three times in isotonic saline solution (Ringer
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Table 1

Composition of the bathing solutions

Ringer Na Kine Najne Kine 1/2 NMDG

pCa3 pCa8 pCa8 pCa8 pCa8
NaCl 145 - 145 - -
KCl 5 145 = 72.5 =
MgCl, - 1.22 1.22 1.22 1.22
MgS04 1 - - - -
CaCl, 14 0.29 0.29 0.29 0.29
Hepes 10 - - - -
Hepes/tris - 10 10 10 10
EGTA - 5 5 5 5
p-glucose 10 10
NMDG - - - - 145
pH 7.40 7.20 7.20 7.20 7.20
Composition of the pipette solutions

KCl NaCl K gluconate
pCa3 pCa3 pCa3

Nacl - 145 -
KCl 145 - -
MgCl, 1.2 1.2 1.2
CaCl, 14 14 14
K Gluconate - - 145
Hepes/tris 10 10 10
p-glucose 10 10 10
pH 740 7.40 7.40

Na* pCa3, ionic composition in Table 1) and the buffy coat removed by
aspiration. Cells were then incubated overnight at 4 °C in the saline
solution to ensure a steady state with respect to ion and water
contents before experimental treatment.

2.2. Experimental solutions and drugs

The composition of solutions used in patch pipettes and bathing
solutions is described in Table 1. The calcium concentration was

100 [HPA
c
-100 |
—_— = o Vm,mv
T
s
-100

Fig. 1. Whole-cell recordings. Current traces recorded with Ringer solution (a) or with
NMDG-CI solution (b) bathing solutions, (voltage pulses between =100 and +100 mV,
10 mV increments, 500 ms). c. Corresponding I/V plots (mean+SEM, 10 mV increments)
from six cells in Ringer bathing solution (®) and the same 6 cells after replacement of
cations by NMDG (O).

adjusted to pCa3 in cell-attached configuration, whilst it was
adjusted to pCa8 in the bathing solutions in the excised inside-
out configuration and in pipette solutions in the whole-cell
configuration. All solutions were equilibrated in atmospheric air
and filtered through 0.2 pm Millipore cellulose disks and had a
final osmolarity of 310 mosM. Flufenamic acid, cAMP, 8Br-cAMP
and N-Methyl-pD-Glucamine chloride (NMDG) were purchased
from Sigma Chemical. Gadolinium chloride hexahydrate was
obtained from Aldrich.

2.3. Current recordings

Characterization of single-channel currents was performed in
the cell-attached and excised inside-out patch configurations.
Single-channel currents were recorded by the method of Hamill
(1983) using an RK400 patch-clamp amplifier (Biologic, Claix,
France), filtered at 0.3 or 1 kHz (8 Pole Bessel filter, Kemo VBFS,
France), digitized (48 kHz) and stored on a Digital Audio Tape (DTR
1204, Biologic). For analysis the data were played back and
transferred to a computer and analyzed by the PAT computer
program (Dempster, Strathclyde Electrophysiology Software v7.4).
Patch pipettes (tip resistance ranging between 8 and 10 MQ) were
prepared from borosilicate glass capillaries (Clark Electromedical
Instruments, England GC150F-10), pulled and polished on a
horizontal programmable puller (DMZ, Werner Zeitz Augsburg,
Germany). 5-10 G seals were obtained by suctions of 10-25 kPa
applied for less than 20 s. Under these conditions, the success rate
of GQ seal formation was 53%. The sign of the clamped voltage (V},)
refers to the pipette solution with respect to the bath and outward
current (positive charges flowing across the patch membrane into
the pipette) is shown as an upward deflection in the current traces.
In the excised and cell-attached configuration the imposed
membrane potential (V,,) is referred to -V, Current-voltage (I/V)
curves were constructed by plotting the mean current amplitude for
each clamped potential. Open probability (P,) was determined as
the fraction of digitized points above a threshold set midway
between the closed and open peaks of current-amplitude histo-
grams. P, was determined from 180 s stable recordings. In these
conditions, P, was defined as the ratio of the total time spent in the
open state to the total time of the complete record. Analyses were
confined to patches showing one channel event histogram.
Conventional 50% threshold analyses yielded distribution of dwell
times that were fit by one or more exponential probability density
functions consistent with multiple open and closed states. Because
spontaneous patch excision often occurred, the recording of channel
activity in the cell-attached mode was validated by demonstrable
change in channel reversal potential and/or incidence upon
excision.

Table 2

Summary of conductances and reversal potential values

Configuration g [-60; E;] g E; g [+60; E] Er
Bath/pipette pS pS pS mV
Whole-cell

RnNa*/Kin (n=75) 320421 31221 393130 -2.310.6
RnK*/Kin (n1=6) 31166 308+67 341167 6.4£0.9
RCs™[Kint (n=6) 468+187 430+130 503+182 7.2+3.7
RnLi*/Kine n=6) 214151 259160 351+69 -14.7+2.0*
RnNMDG/Kip: (n=6) 154+79 241+137 408+210 -26.4+5.5%

Mean values +SEM of conductances calculated at the reversal potential (E;), between E;
and -60 mV and between E; and +60 mV, from whole-cell currents recorded using the
patch-clamp technique in chicken red blood cells with different bathing and pipette-
filling solutions.

*Changes are significantly different (P<0.05 unpaired t-test) as compared to the
corresponding X/Ki,, values, with X standing for Na, K, Cs, Li or NMDG.
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Fig. 2. Cell-attached recordings. a. and b. Representative records from single-channel currents of non-selective cation (NSC) channels in cell-attached patches at the indicated holding
potentials. The bath contained isotonic Ringer solution and the pipettes were filled with 145 mM KCI pCa3 pipette solution. The closed state is shown by the dashed line. Downward
deflection at negative clamp potentials indicates the flow of cations from pipette to cell interior. c. and d. Current/voltage relationships, under similar conditions to that of the upper

traces.

Global currents were recorded in the fast-whole-cell, voltage-
clamp mode, and 1-kHz low-pass-filtered by an RK400 amplifier
(Biologic, Claix, France) using WCP software (WCP V3.2) and an CED
1401 Interface (Cambridge Electronic design, Cambridge, England).
The whole-cell currents were evoked by a pulse protocol, clamping
the voltage in twenty one successive 500 ms square pulses from the
0 mV holding potential, to potentials between -100 mV and +100 mV.
The whole-cell configuration was assessed by increased membrane
capacitance and reduction of access resistance to 3-5 MQ. The original
whole-cell current traces are depicted after 1 kHz low-pass filtering.
The currents of the individual voltage square pulses are superimposed.
The currents were analyzed by averaging the current between 100 and
400 ms of each voltage square pulse. The conductances were
estimated for outward currents by linear regression between
+20 mV and +80 mV voltage. The applied voltages refer to the
cytoplasmic face of the membrane with respect to the extracellular
space. The inward currents, defined as flow of positive charges from
the extracellular medium to the cytoplasmic membrane face, are
negative currents and depicted as downward deflections of the
original current traces.

2.4. Liquid junction potentials

The liquid junction potential (LJP) was defined as the potential of
the bath solution with respect to the pipette solution (Barry and
Lynch, 1991) and the membrane potential (V,,) was calculated as V,,=
-Vp+LJP where V,, is the reading provided by the patch-clamp
amplifier. When bath solutions of different composition were

successively applied to the patch membrane, the corresponding
changes in liquid junction potentials were corrected using the
Henderson equation (JPCalc computer program):

n

(Z Ziz s Uj - Cp.i)
i=

<' Z7 Ui Cb.i)

< Z": Zi'“i'(Cb.i*Cp.i>

—_

LIP = RT/F-S; -In

M=

I
—_

i=1

where: Sf = and u, C and z represent the mobility,

n
> Z,-z'”r(fb.ifcp.i)
i

concentration and valency of each ion species (i), and R, T and F are
the gas constant, temperature and Faraday constant, respectively.
Subscripts b and p denote bath and pipette solutions, respectively.
Data are presented as original recordings and as mean values + SEM
(n=number of observations). The paired Student's t-test was used for
statistical analysis. A P value of <0.05 indicated statistical significance.

3. Results

In the presence of Ki,; pCa8 saline in the pipette and Ringer Na* in
the bathing solution, only 40% of the attempts to achieve the whole-
cell configuration were successful (139 out of 345 attempts). The seal
resistance in these conditions was 4.0+0.2 GQ (n=99), and the series
resistance was 12.5+0.2 MQ (n=99), which was offset at 80%.
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In isosmotic condition with Kj,; pCa8 in the pipette and Ringer Na*
saline in the bath, the current-voltage relationship was slightly
outwardly rectified with a mean conductance (Gm) of 312421 pS
(n=75) and showed a reversal potential close to zero mV (E,=-2.3+
0.6 mV (n=75)) (Fig. 1a and c). Isosmotic replacement of sodium ions
in the bathing solution by N-Methyl-p-Glucamine shifted the reversal
potential toward the cations equilibrium (-26.4+5.5 mV (n=6,
P<0.02), Fig. 1b and c) and reduced the inward currents by half
(Gm=154+79 pS (n=6, P<0.002)) consistent with currents generated
by cation movements. Furthermore, removal of extracellular chloride
and replacement by gluconate neither change the reversal potential
nor the membrane conductance (data not shown).

To characterize the permselectivity of the whole-cell cation
currents recorded in isosmotic conditions, with Kj,; pCa8 in the
pipette, Na* of the bath solution was replaced by various monovalent
cations. Replacement of Na* by K*, Cs*, Li* in the bath solution did not
change significantly the membrane conductance but significantly,
albeit slightly, changed the reversal potential, giving a permselectivity
ratio of Cs* (0.8+0.1; n=6) >K" (1,n=6)>2Na* (1.5+0.1, n=6) >Li" (2.8
0.2, n=6)>>NMDG (6.0+1.6, n=6) (P<0.02; paired two-tailed t-test).
The respective values of membrane conductances and reversal
potentials are given in Table 2.

Fig. 2 depicts cell-attached recordings obtained after achieving a
seal (Fig. 2a and b). As previously described two different cationic
channel types were present in the membrane, but spontaneous
activity was observed in less than 10% of records (564 seals out of 867
attempts). They could be distinguished by their unitary conductance.

The current current-voltage relationships were linear for both but
for the first the conductance was 30.4 pS+3.3 pS (n=8) whereas it was
57.4%5.4 pS (n=8) for the second (Fig. 2c and d). In both cases, the
reversal potential was close to zero (E;=-1.7+2.3 mV, n=8 for the
first, Fig. 2¢, E;=-2.9+1.4 mV, n=8 for the second), moreover neither
the membrane conductances nor the reversal potentials were changed
by replacement of sodium in the pipette by potassium indicating the
non-selective cation nature of the currents recorded.

In a previous paper [11] we showed that one of the two cation
channels present in the chicken red blood cell membrane is sensitive
to membrane deformation. Here we have readdressed this question in
whole-cell and inside-out configurations. However, since seal break-
down occurred frequently during suction in the cell-attached
configuration, the stretch-activation of the channel was not tested in
this configuration.

In the whole-cell configuration the membrane deformation was
obtained by imposing calibrated positive pressure into the pipette
under the control of a vacuometer allowing reproducible deformation
for a given pipettes geometry. Fig. 3b shows the evolution of the ratio
between the membrane conductance under a calibrated pressure and
the membrane conductance in the absence of mechanical membrane
deformation. A small increase in pressure was sufficient to induce a
reversible increase in both inward and outward membrane conduc-
tances (Fig. 3a and b), suggesting that stretch stretch-activation is not
voltage sensitive. The membrane conductance increased by 1.2+0.1
for 10® Pa applied but this change was not significant (P=0.53; paired,
two-tailed Student's t-test, n=5). However, higher pressures induced

a
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Fig. 3. Pressure activation of whole-cell currents. a. Representative recordings of reversible activation of membrane currents by positive pressure applied to the pipette obtained with
Ringer in the bath and Kj,. pCa8 in the pipette. b. Changes in membrane conductance after application of positive pressure in the pipette, calculated as the ratio between the
membrane conductance measured for a given pressure divided by the membrane conductance calculated when no pressure is applied (n=>5). c. Representative recordings of the

inhibition of the pressure activated currents by addition of 20 uM of Gd>* (n=6).
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significant changes in membrane currents. The membrane conduc-
tance increased by 2.3+0.3 for 2-10° Pa (n=12), by 4.5+1.3 for
3-10% Pa (n=5) and by 10.9+1.2 for 4-10° Pa (n=5) (P<0.05; paired,
two-tailed Student's t-test). The nature of the currents induced by
these mechanical deformations was assessed by the application of
Gd>3* under 2-10° Pa tests. Addition of 20 uM of Gd>*, reduced the
membrane conductance to a level close to control (P=0.12; paired,
two-tailed Student's t-test, n=10, Fig. 3c). However, the reversibility
of the stretch-activation is only partial. Indeed, the currents
measured after each cycle of membrane deformation, show a
significant tendency to be greater than those measured during the
former releases of pressure (P>0.05 for the third and fourth cycle of
deformation).

The mechanosensitivity of the cationic currents observed in
whole-cell configuration was further characterized by using the
inside-out configuration of the patch-clamp technique. Indeed, due
to the extreme fragility of seals in cell-attached configuration,
depression in the patch pipette in most cases produced either a
deterioration of seal resistance and appearance of leak rendering any
further recordings impossible or a rupture of the piece of membrane
into the pipette leading to the whole-cell configuration (assessed by
bleaching of the cells seen under microscope). Nevertheless, once the
inside-out configuration was achieved, application of depression on a
quiescent patch induced channel activity. Even at a low depression

such as 0.5-10 Pa, discrete channels opening were readily observed.
However, at this depression, the current recorded corresponded only
to a substate (1/3 of the full opening) and the full opening was only
observed in rare cases. Nevertheless, full opening of the channel was
usually observed with 10 Pa and above. The P, values, measured at a
given membrane potential, were clearly related to the intensity of the
depression imposed on the membrane patch. The open probability
values at different pressures were fitted by nonlinear regression using
equation for a sigmoidal shape according to the equation y=a/(1+exp
(=(x=x0)/b)), where y is the open probability calculated as P,/P, max, a
is the maximal P,/P, max ratio, x is the sampling pressure, Xq
is essentially the pressure at half activation (P;;=2.1 kPa), and
b represents the variability of cells in the population (Fig. 4a and b).
This activation was reversible in 90% of the cells tested so far. Once
activated, the unitary conductance of the channel established with
Ringer in the pipette and with Kj,; pCa8 in the bathing solution was
22.0+2.5 pS (n=11) and the reversal potential was close to zero mV
(0.3+1.1 mV, n=11). Using KCI (145 mM) in the pipette did not change
the membrane conductance, but 1:1 dilution of the bathing solution
by half shifted the reversal potential toward the Nernst equilibrium for
cations (E,=+17.3£1.3 mV (n=7)), giving a permselectivity ratio of
Peation/Panion Of 179+68 (n=7). Moreover, this NSC channel was
inhibited by addition of Gd** (20 uM) in the bathing solution (data
not shown).
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Fig. 4. Stretch-activation of NSC channels. a. Single-channel current recordings performed in inside-out configuration from a patch presenting no spontaneous channel activity and
after application of calibrated suction (0.5 to 4 kPa) producing reversible activation of NSC channels. b. Changes in open probability after application of membrane deformation,
calculated as the ratio P,/P, max determined with a depression of 4 kPa (mean +SEM, n=6). When the NSC channel activity was induced by suction, the P, value, measured at a
membrane potential of +60 mV was clearly related to the intensity of the depression imposed on the membrane patch (n=6).
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The second NSC channel observed in cell-attached configuration
presents also a very low spontaneous frequency of openings. However,
we have previously shown that one of the cation channel present in
the chicken red blood cell membrane can be activated by the rise of
intracellular calcium concentration. Some of these types of channels
can also be activated by increasing the intracellular concentration of
cyclic nucleotides. In whole-cell configuration, addition of 8Br-cAMP, a
cell permeable analogue of the cAMP, at a concentration of 1 mM
increased the membrane current in a time-dependent manner. The
current was multiplied by 7.4+1.8 (n=6) Fig. 5. The maximum current
was reached after 20-25 min of incubation. This cAMP-dependent
current was inhibited by flufenamic acid (0.1 mM) (Fig. 5b).

In inside-out configuration cAMP was added to the bathing
solution (Ki,:) when rare openings could be observed. Addition of
1 mM induced a rapid increase (<30 s) of the open probability
(Fig. 6b). Fig. 6a shows typical traces recorded at different membrane
potential after addition of 1 mM cAMP. The corresponding current-—
voltage relationship (Fig. 6¢) was similar to the I/V curves obtained
after stimulation by intracellular calcium [11], signifying that it
probably corresponded to activation of the same channel type.

In the excised inside-out configuration with 145 mM KCl (Ki,) in
the bath and 145 mM KCl in the pipette, the current-voltage
relationship showed a reversal potential (E;) of 1.4+£2.0 mV (n=6).
The channel slope conductance was 71.1+6.6 pS between E, and
60 mV (Fig. 6¢). Substitution of NaCl for KCl in the pipette or
substitution of Naj,; for Kjy in the bath did not significantly change
the conductance over this voltage range. The cationic versus anionic
selectivity was determined by dilution of the bathing solution KCI
from 145 mM (Kiy) to 72.5 mM (Kj, 1/2). The I/V relationship showed
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Fig. 5. Activation of NSC currents by cyclic nucleotides in whole-cell configuration. a.
Current/voltage relationships of membrane currents recorded before (@), 25 min after
addition to the bathing solution of 1 mM of 8Br-cAMP (A) and after addition of 0.1 mM
of flufenamic acid (M). Data are expressed as mean+SEM (n=6) b. Changes in
membrane conductances calculated as the ratio between the membrane conductance
before (control) and after addition of 8Br-cAMP (10, 20 and 25 min) and following
inhibition of these currents by flufenamic acid (n=6).

a right shift and E, was 17.2+0.7 mV (n=6, KCI in the pipette), close to
the Nernst equilibrium potential for cations (17.5 mV). The relative
permeability Pcation/Po-derived from the GHK relation was 76+12
(n=6). These results are supported by experiments where E; shifted to
24.5+3.1 mV (n=4) when Na* or K" were replaced by NMDG in the
bathing solution (Fig. 4b). The apparent P/ [Pnmpg ratio was 3.9+0.8
(n=4) which is consistent with our previous report that chicken RBC
membranes possess a significant permeability for large cations such as
choline via non-selective permeable cation channel. One of the
hypotheses of the role of the up-regulation of the non-selective cation
channels during infection by Plasmodium gallinaceum was to counter-
act the cell volume increase. Hence we tested this hypothesis by
submitting cells to hyposmotic challenge. Changes in osmolarity
(180 mosM) were able to produce an increase of membrane
conductance, indicating possible involvement of such channels in
response to volume challenge (Fig. 7). In this case, in spite of a
difference of pharmacology between the two channels (Gd*>* or
flufenamic acid sensitivity), it was impossible to establish which one
was the first to be open after hyposmotic shock, indicating that
probably a strong interaction between the two channels exist.

4. Discussion

In a previous study, using the patch-clamp technique we demon-
strated that chicken red cell membranes are endowed with cation
channels that may be activated after infection by the parasite
P. gallinaceum [11]. Here we readdressed the characterization of
membrane currents and non-selective cation channels in non-infected
cells. Using the whole-cell configuration we could demonstrate that
the membrane conductance is generated by cation channels and that
two different types of cation channels can account for the whole-cell
membrane conductance.

The first channel described in this study displays the common
features of the stretch-activated channels described in the literature.
Indeed in symmetrical concentrations of NaCl the channel presents a
unitary conductance of 22 pS, which is in good agreement with the
values reported for stretch-activated non-selective cation channels
permeant for calcium in red blood cells [3,23] or some other cell types
[26-29]. Moreover, here we demonstrate that this channel is highly
sensitive to mechanical deformation either in whole-cell or inside-out
configuration. Most reports (review in [30]) show that depression
above 2 kPa is needed to activate such channel type whereas in the
present study depression as low as 0.5 kPa was sufficient to induce
channel activity. Although this channel type presents some common
feature with the non-selective cation channel present in the human
red blood cell membrane (conductance, permeability to Ca2*), it does
probably not belong to the same family. The non-selective cation
channels responsible for the whole-cell membrane currents are not
dependent of extracellular chloride (shown by the absence of increase
of membrane currents after substitution of chloride by gluconate),
indicating that they are also not voltage-dependent. This NSC channel
was shown to conduct Ca®* [11] and calcium permeation is a feature of
stretch-activated cation non-selective channels in endothelial cells
[31], choroids plexus epithelium [32], oocytes [33-36] and renal
proximal tubule [37]. In view of the large selectivity of the NSC
channel for calcium, its role could be to permit permeation of Ca** ions
which could activate calcium-dependent processes such as cell
volume regulation in most cells. Here a decrease in bath osmolarity
enhances the membrane cation currents indicating an involvement of
this channel type after cell volume challenge.

The second channel type reported in this study was also partially
described in a previous paper, where its sensitivity to the rise of
intracellular calcium was shown [11]. One of the common features
of the non-selective cation channel activated by calcium is to
be activated by an increase in intracellular concentration of
nucleotide too [38,39]. This channel is thought to be up-regulated in
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P. gallinaceum infected cells [11], and the relative permeability of this
channel to large impermeant cations like NMDG (this study)
correlated to the permeability to choline [11] may suggest that during
infection this channel may be a route to supply the parasite with this
precursor needed to synthesize membranes.

Cation channels play a key role in erythrocytes cell death [40,41],
and disease where non-regulated cation leak lead to cell shrinkage
[6,42]. This work confirms that comparative studies of nucleated red
cells provide good models for elucidating these processes and
disorders and to identify the molecular nature of the cation channels
involved.
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The thermodynamics and kinetics of the reaction DeoxyHb-Fe?* —MetHb-Fe®* for human hemoglobin A
(HbA), alpha- and beta-fumarate crosslinked hemoglobins were investigated by spectroelectrochemistry.
Information from this study is used to determine what structural features and experimental conditions
stabilize ferrous vs. ferric form of hemoglobin, and what implications this stabilization may have on the
autoxidation reaction. Alpha- and beta-fumarate crosslinked hemoglobins, aXL-HbA and BXL-HbA, were
obtained by crosslinking deoxyhemoglobin and oxyhemoglobin, respectively, with bis(3,5-dibromosalicyl)
fumarate (DBSF). Formal redox potentials, E°, and reduction/oxidation rates were measured in the presence
of mediator, hexammineruthenium(Ill) chloride. It was found that E° shifted positive for the alpha-, and
negative for the beta-fumarate crosslinked hemoglobin compared to HbA for all experimental conditions
investigated. This shift was consistent with stabilization of the tense (positive shift) or relaxed conformation
(negative shift) conferred by crosslinking. Formal redox potentials shifted positive with addition of nitrate
and chloride ions for aXL-HbA, indicating additional stabilization of the T quaternary. The slopes of the
Nernst plots showed evidence of cooperativity as expressed by ny.x. The data points (E°, nm.yx) were fitted by
the MWC model which states that the electron transfer and the addition/removal of water are concerted. The
set of Kg and c values, where the parameter c is the ratio Kg/Kr and Kg and Kt are the ligand (water molecule
and an electron-hole) dissociation constants for the R and T states, for the beta-crosslinked hemoglobin
compared to that of HbA and alpha-crosslinked hemoglobin indicated that crosslinking of oxyhemoglobin
affected differently the inner-coordination sphere at the heme site. By modulating the electrolyte
concentration the reduction rates were measured as a function of AE° the difference in E° between
hemoglobin molecules and mediator. Linearization of the Marcus cross-relationship (based on the concerted
water and electron transfer) was good for HbA, and poor for aXL-HbA and RXL-HbA, consistent with results
obtained by the MWC analysis. This may imply that the reduction of HbA is controlled by the driving force,
AE°, whereas the reduction of aXL-HbA and XL-HbA occurs by a non-concerted mechanism controlled by
structural features brought about by crosslinking. The autoxidation reaction, conversion of oxygen-bound
ferrous hemoglobin to ferric hemoglobin, was found independent of E°. Alpha-fumarate crosslinked
hemoglobin showed the highest autoxidation rate despite its positive shift in formal redox potential as
compared to HbA, followed by beta-fumarate crosslinked hemoglobin, and by native hemoglobin. These data
suggest that the chemical mechanism of oxygen dissociation and accessibility of water and oxygen radicals to
heme site control autoxidation.
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1. Introduction

The main component of the red blood cells, hemoglobin A (HbA),
functions as an efficient oxygen carrier by reversibly binding oxygen at
the ferrous ion of the heme groups [1]. The heme groups are em-
bedded in each of the two alpha and two beta globin chains that form
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the molecule. In addition to regulating oxygen affinity, the globin
structure serves to keep the heme complex in the reduced state.
Binding and releasing of oxygen as well as oxidation takes place
at the iron ion of the heme group. In deoxyhemoglobin penta-
coordinated Fe?" is out of the porphyrin plane (protoporphyrin IX) on
the distal side by 0.06 nm. Upon binding oxygen the ferrous ion moves
into the porphyrin plane. Similarly, iron comes close to the porphyrin
plane (by 0.021 nm) upon oxidation and adds water at the sixth
coordination position. Changes at the heme group are accompanied by
changes in the overall conformation. Following oxygen binding or
oxidation, the hemoglobin tetramer shifts its conformation from tense
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(T) to relaxed (R). The biggest conformational change takes place at
the B-f interface, which is at the closest approach in methemoglobin
or oxyhemoglobin and 0.6 nm apart in deoxyhemoglobin [1]. Upon
oxidation, hemoglobin loses its capability of binding oxygen. Although
loss of electrons occurs spontaneously in vivo, the oxygen binding
state is restored by electron-donating systems. However, activated
oxygen species can be formed in the process, with potentially adverse
effects [2].

The oxidation-reduction studies of hemoglobin performed by
spectroelectrochemistry (SEC) were found to provide insight into the
electron transfer process of the molecule, more specifically into the
influence of electronic factors on the heme group and interaction
between subunits. Bonaventura, Crumbliss and co-workers found
that a sixth ligand bound to iron could alter the redox behavior of
hemoglobin in different ways as the electron density at the heme is
varied [3-8]. Ligands with strong electron donor capabilities stabilized
the ferric ion shifting the formal redox potential negative. The mag-
nitude and direction of shifts in formal redox potential were found to
be fine-tuned by the nature and concentration of allosteric effectors
(anions). The effect of anions was attributed to stabilization of one
conformation relative to the other which indirectly changes the elec-
tron density and steric environment at the heme iron.

Using a spectroelectrochemical method designed in our laboratory
we explored the redox behavior of two hemoglobins crosslinked with
bis(3,5-dibromosalicyl) fumarate (DBSF) compared to that of HbA.
When the crosslinking reaction is carried out on oxyhemoglobin, DBSF
binds between g-amino groups of Lys 82 on the EF corner of the B
chains, resulting in B-fumarate crosslinked hemoglobin or PXL-HbA
[9]. The same crosslinker binds between Lys 99 (FG corner) of the o
chains when the modification is carried out on deoxyhemoglobin
resulting in a-fumarate crosslinked hemoglobin or aXL-HbA [10].
Crosslinking at the a—o¢ interface stabilizes the tense (T) quaternary
conformation while crosslinking at the 3-f3 interface stabilizes the R
conformation. Stabilizing either the T or R conformations causes
changes in oxygenation [9,10]. BXL-HbA shows an increased oxygen
affinity and diminished control of oxygen binding by anions because
the central cavity charge and shape have been altered [11]. Cross-
linking at the o;0r; interface conferred on aXL-HbA an oxygen affinity
close to that of blood, making it a good candidate as a blood substitute
[12]. Crosslinked hemoglobins are snap-shots of the transition TR,
which bring about structural changes at the heme site [13] that may
concurrently alter ligand approach to the binding site by steric factors.
The modified electron density at the heme iron is expected to have an
impact on the redox behavior of aXL- and BXL-HbA, that will be
expressed by shifts in the formal redox potential and changes in redox
cooperativity.

This paper focuses on the thermodynamics and kinetics of the
oxidation/reduction reactions of hemoglobin, aXL- and PXL-HbA. The
effect of allosteric effectors, chloride and nitrate ions on formal redox
potential and reduction rates is investigated. Self-exchange rate con-
stants calculated based on the Marcus cross-relationship are cor-
related with structural changes that occur during the oxidation/
reduction reactions of hemoglobin and crosslinked hemoglobins. This
work explores the structural features and conditions likely to confer
stabilization of Fe*" in the redox reactions. The findings are used
to investigate whether such stabilization affects the autoxidation
reaction.

2. Experimental

Hemoglobin A was isolated as in the method of Dozy, Kleihauer
and Huisman from outdated packed red blood cells (RBC) obtained
from LifeSource [14]. Anion-exchange chromatography on a DEAE
(diethylaminoethyl) Sephadex resin was used for hemoglobin pur-
ification from hemolysate solution. The hemoglobin was eluted with a
pH gradient established between solutions of Trizma/KCN pH 8.5 and

pH 7.2, respectively. Hemoglobin A was the second fraction eluted
from the column, after HbA2, and before glycosylated HbA (HbAlIc), as
identified by alkaline agarose gel electrophoresis. The purified HbA
solution was concentrated by ultrafiltration over an Amicon PM30
membrane. Concentrated hemoglobin samples used in SEC and au-
toxidation experiments were additionally dialyzed against 0.01 M
MOPS, pH 7.1, to remove any traces of cyanide. The concentration of
hemoglobin was determined spectrophotometrically in the UV-Vis
region based on the method of Winterbourn [15]. Hemoglobin sam-
ples freshly eluted from the column and immediately concentrated
had OxyHbA in excess of 98%, and hemichrome formation did not
occur. Hemoglobin A prepared and purified with this method was
used immediately for crosslinking, SEC and autoxidation experiments
without further purifications. The final concentration of stock hemo-
globin samples was 1 to 2 mM/heme.

aXL-HbA was a generous gift from Baxter Healthcare Corporation.
Prior to use the aXL-HbA was dialyzed against MOPS 0.01 M, pH 7.1 for
24 h. Stock samples were stored at =80 °C for long period of times.
Samples for the ongoing experiments were kept at 4 °C. The per-
centage of met form was found less than 1% and no further puri-
fication was needed.

BXL-HbA was obtained according to the method of White and
Olsen [16]. The crosslinker, DBSF, was synthesized according to the
procedure outlined by Walder et al. [17]. Anion-exchange chromato-
graphy was used to purify PXL-HbA from the reaction mixture
consisting of crosslinked and uncrosslinked hemoglobins. The purity
and molecular weight of the eluted fractions were determined by
alkaline agarose electrophoresis and SDS-PAGE (sodium dodecylsul-
fate polyacrylamide gel electrophoresis). The fraction containing the
PXL-HbA was dialyzed against MOPS 0.01 M, pH 7.1 and later con-
centrated by ultrafiltration over an Amicon PM30 membrane. Sample
concentration was determined spectrophotometrically for hemoglo-
bin A. Samples consisted of 90 to 95% Oxy, 5 to 10% Met, and, occa-
sionally hemichrome. Those samples containing measurable amounts
of hemichrome were discarded. For the autoxidation experiments the
PXL-HbA was needed to be converted to the ferrous Oxy state using
the dithionite procedure as described in the literature [18].

MOPS, 3-[N-morpholino] propanesulfonic acid (Sigma), Ru(NHs)sCl3
(ALFA-Aesar), and myoglobin (lyophilized solid from horse skeletal
muscle — Sigma) were used as received. Deionized water was used in all
experiments. Stock solutions of electrochemical mediator were pre-
pared by dissolving Ru(NH3)sCl3 in the desired buffer/electrolyte so-
lution. The concentration of mediator and the concentration of buffer/
electrolyte were twice of that employed in SEC experiments. The stock
mediator/buffer/electrolyte solutions were stored at 4 °C, and were
purged with nitrogen prior to use. For a given experiment, calculated
volumes of degassed deionized water and of concentrated hemoglobins
were added to the stock solution of mediator/buffer/electrolyte in such a
way to bring the concentration of all species to the desired values. Other
chemicals, potassium ferricyanide (KsFe(CN)g) from Fisher (>99%),
DCPIP (dichlorophenolindophenol) and the electrolytes KCl and
NaNOs; (from Aldrich), were used as received.

SEC was carried out in an optically transparent thin layer elec-
trochemical cell (OTTLE) designed in our laboratory. A closed thin
layer chamber was made between two quartz plates, 25x75x3 mm>
(Quartz Plus, Inc., Brookline NH), separated by a Teflon spacer. The
inner cell compartment volume was 225 uL and the thickness was
0.5 mm. The unique features of this cell include the symmetrical
double counter electrode (CE) placement to reduce ohmic drop across
the cell and the use of a platinum minigrid (52 lines/in, Fisher) as a
working electrode (WE), which allows for rapid electrolysis within
the cell. Potentials were measured vs. a miniature Ag/AgCl reference
electrode (RE), housed in its own compartment. The RE compartment
was sealed to OTTLE thus ensuring the oxygen-free environment
necessary for the redox studies of hemoglobin and crosslinked hemo-
globins. The working electrode was cleaned electrochemically by
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stepping the potential to either -0.4 V or +1.6 V and maintaining the
potential at these extreme values for 1 to 3 min. This procedure was
repeated at least three times. When the potential was kept at -0.4 V
the cell was filled with 0.1 M H,SO4 while at +1.6 V the cell was filled
with 0.1 M NaOH. Between potential steps the cell was rinsed several
times with deionized water.

The performance of the cell was verified against well characterized
redox systems such as Fe(CN)274", 2,6-dichlorophenolindophenol
(DCPIP), and myoglobin. Good agreement of our experimental data
obtained by spectroelectrochemistry with literature data under
similar experimental conditions was obtained. The following values,
vs. NHE, represent our work followed in parentheses by literature
data. SEC on Fe(CN)Z/4"/KC1 0.2 M yielded E° of 0.438 V(0.449 V) and n
0f 0.97 (0.95) compared to data at Au minigrid in NaCl 0.5 M [35]. For
DCPIP/NaCl 0.1 M, phosphate buffer 0.1 M, pH 7 we obtained E° of
0.228 V (0.227 V) and n of 1.83 (1.88) compared to data at a gold
minigrid [19]. Myoglobin in the presence of mediator, Ru(NH3)sCls,
with NaNO; 0.2 M, MOPS 0.05 M, pH 7.1 yielded E°=0.042 V (0.037 V)
and n of 0.87 (0.95) [20]. Myoglobin with mediator Ru(NH5)sCl3 in
phosphate buffer 0.2 M, pH 7.0 yielded E°=0.037 V (0.047 V) and n of
1.0 (0.95) [21].

An EG&G PARC (Princeton Applied Research) three-electrode
potentiostat model 273 was used for electrochemical measurements.
The potentials were measured against the reference electrode Ag/AgCl
immersed in the background electrolyte solution. The auxiliary and
working electrodes consisted of platinum wire and platinum minigrid,
respectively. When conventional cyclic voltammetry was needed for
evaluation of E°, the potentials were measured against the saturated
calomel electrode (SCE) and the working electrode consisted of a
platinum disc.

A Hewlett-Packard diode array spectrophotometer model 8453
was used for UV-Vis measurements. The OTTLE was placed in the
sample compartment in its own holder, and aligned in the optical path
of the spectrophotometer. Nitrogen lines were connected to the cell
for degassing prior to starting the experiment. The same nitrogen lines
were used simultaneously for degassing of the electrolyte and ref-
erence electrode filling solutions.

An oxygen-free environment was needed to study the equilibrium
Deoxy(Fe?*) — Met(Fe>*) without side reactions due to dissolved or
freed oxygen. However, hemoglobin and crosslinked hemoglobin
samples were found to contain mainly oxyhemoglobin (>98%). The
bound oxygen, as well as traces of oxygen dissolved in the electrolyte
solution, was removed by imposing an initial negative potential on the
system (usually —0.5 V vs. Ag/AgCl). At this potential a 555 nm peak
characteristic for deoxyhemoglobin appeared and the peaks at 540 nm
and 576 nm characteristic for oxyhemoglobin disappeared (Fig. 1a)
[15]. These peaks do not reappear throughout the spectroelectro-
chemical experiment, whether applying oxidative or reductive poten-
tials (Fig. 1b), confirming the oxygen-free environment provided by
the OTTLE cell.

SEC experiments were usually performed in the reductive direc-
tion first. After an initial negative imposed potential at -0.5 V vs. Ag/
AgCl the potential was stepped to +0.3 V thus oxidizing all ferrous
hemoglobins. From this value potential steps were applied in the
reductive direction, each time from the previous value in increments
of 50 to 10 mV until hemoglobin is completely reduced (to 0.5 V vs.
Ag/AgCl). Then, the experiment was continued in the oxidative direc-
tion in a similar manner. The time needed for complete reduction of
ferric and oxidation of ferrous hemoglobins in a single step was about
5 to 10 min, and 15 to 20 min, respectively. Spectra were recorded at
every applied potential step after solution equilibrium was reached.
The Soret absorbance bands of hemoglobin solutions were used for
evaluation of data.

Formal redox potentials of myoglobin and hemoglobins were
evaluated against the Ag/AgCl reference electrode immersed in
electrolyte/buffer solution in the OTTLE cell. The potentials were
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Fig. 1. (a) Spectra of oxyhemoglobin, deoxyhemoglobin and methemoglobin. A negative
potential imposed on the system (-0.5 V vs. Ag/AgCl) causes the initial peaks at 540 and
576 nm characteristic for oxyhemoglobin to disappear while the peak at 555 nm
characteristic for deoxyhemoglobin is formed. A small peak at 630 nm appears when all
hemoglobin is in oxidized form (methemoglobin). (b) Spectra recorded at different
oxidation-reduction stages (the applied potential is measured vs. Ag/AgCl electrode).
Note that the peaks at 540 and 576 nm do not reappear throughout the redox
experiment.

then corrected with respect to the E° of Ru(NH5;)3*/?* obtained by thin
layer cyclic voltammetry under the same experimental conditions
(Table 1). The difference between the values of the formal redox
potential of Ru(NH;)2"?* measured by thin layer CV in the OTTLE cell
and by conventional CV was added to the value of E° of hemoglobin or
myoglobin determined in the OTTLE cell.

The formal redox potential, E°, was determined as the average of
the anodic and cathodic peak potentials in cyclic voltammetry (Fig. 2).

Kinetic measurements were performed for hemoglobin and
crosslinked hemoglobins in the OTTLE cell by recording absorbance
changes upon applying large potential steps from -0.5 V to +0.3 V vs.
Ag/AgCl and vice versa. The wavelengths used for monitoring were
406, 430 and 555 nm, as for equilibrium redox measurements.

The autoxidation of 0.1 mM/heme solution of hemoglobins was
followed by measuring changes in the hemoglobin spectrum at room
temperature according to the method of Winterbourn [15]. Absor-
bance changes were recorded every 2 h in the beginning and 4 to 8 h
after the first two days for each sample, from 500 to 750 nm with an
HP 8451A diodearray spectrophotometer. The total time for each ex-
periment was 10 days.

The formal redox potential, E°, was determined as the average of
the anodic and cathodic peak potentials in cyclic voltammetry. E° and
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Table 1

Experimental and literature values for formal redox potential, E° (vs. NHE unless
otherwise specified) and number of electrons transferred, n, for the Ru(NH;)2*/* couple
determined by conventional and thin layer cyclic voltammetry (CV) and controlled
potential coulometry (CPC) in various electrolyte/buffer systems

System Method This work Literature
Ru(NH5)sCl3 0.5-1 mM  CPC E°=0.077 V
KCl10.2 M, WE: glassy carbon n=0.93
MOPS 0.05 M, pH 7.1 CPC (OTTLE) E°=0.072 V
WE: Pt minigrid
Thin layer CV E°=0.048 V
WE: glassy carbon n=0.89
Thin layer CV (OTTLE) ~ E°=0.051V  E°=-0.150 V vs.
WE: Pt minigrid Ag/AgCl [20]
Ru(NH3)sCls QY E°=0047V  E°=-0.150 V vs.
KCl1 0.2 M WE: Pt Ag/AgCl [20]
MOPS 0.05 M, pH 7.1
Ru(NH;)sCls QY E°=0.054 V
KCl1 0.05 M WE: Pt
MOPS 0.05 M, pH 7.1
Ru(NH3)sCl3 a% E°=0.050 V
NaNO5; 0.2 M WE: Pt
MOPS 0.05 M, pH 7.1
Ru(NH3)sCl3 (a% E°=0.056 V
NaNOs5 0.05 M WE: Pt
MOPS 0.05 M, pH 7.1
Ru(NH;)sCls v E°=0.068 V

MOPS 0.05 M, pH 7.1 WE: Pt

The experimental values presented are the average of at least three measurements.
Standard deviation for E° was between +2 and +4 mV, and that for n was +0.05.

electron stoichiometry, n, are determined from SEC by applying the
Nernst equation:

0] _23F

[R]*nﬁ(Eon) (1)

[O] and [R] represent the concentration of the oxidized and reduced
species, respectively, and R, T and F have their usual meanings.
[O]/[R] at any given applied potential, E, is:

(-

where Aeq is the absorbance of the completely reduced species, Ag is
the absorbance at the applied potential E, and Aoy is the absorbance of
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Fig. 2. Thin layer cyclic voltammograms of Ru(NH5)2"* in KCI 0.2 M, MOPS 0.05 M, pH
7.1 at scan rates of: (1) 2 mV/s, (2) 1 mV/s, and (3) 0.5 mV/s. Initial concentration of
electroactive species is 0.5 mM, the volume of thin layer cell is V=50 pL. The separation
between peak potentials, AE,=E,~Ey,, is 43 mV at 0.5 mV/s. The formal redox potential
is E°=0.051 V vs. NHE and it is calculated as the average of Epa and Epc.

the completely oxidized species, all determined at the same wave-
length. The first derivative of the Nernst plot with respect to potential,

_ RT dlog([0)/IR))]
N=93F 4 )

yields two significant n values: nsq (at E°) and np,.x (maximum along
the Nernst plot).

First rate order reduction and autoxidation constants were
evaluated according to the following equation [22]:

In(A; —A.) = —kt +In(Ag —A.), 4)

where A; is the absorbance at a set wavelength at time t, Ag and A.. are
the initial and final absorbances, respectively.

3. Results and discussion
3.1. Formal redox potentials

A typical spectroelectrochemical experiment is illustrated in
Fig. 3a. The redox process is chemically reversible for HbA, aXL- and
PXL-HbA in the reductive and oxidative directions, whether the
processes were monitored at 406 or 430 nm (Fig. 3b). Fig. 3aillustrates
the characteristics changes in UV-Vis spectra for deoxy (reduced) and
met (oxidized) hemoglobin. The conversion between the two forms
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Fig. 3. Spectroelectrochemistry of hemoglobin A (0.1 mM/heme) in the presence of Ru
(NHs)sCl5 0.5 mM, KCI 0.2 M, MOPS 0.05 M, pH 7.1: (a) spectra recorded at different
potentials (measured against Ag/AgCl) during reduction of MetHbA to DeoxyHbA;
(b) absorbance monitored at 406 nm and 430 nm vs. applied potential for reduction
(continuous lines) and oxidation (dotted lines) reactions.
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can be followed by a decrease in absorbance by deoxyhemoglobin
(406 nm) or by an increase in absorbance by methemoglobin
(430 nm). A plot of absorbance vs. potential (Fig. 3b) shows that the
process is reversible as data for reduction can be superimposed over
data for oxidation. The very slight discrepancy observed is attributed
to electrolyte/buffer solution resistance arising from the ohmic drop
across the thin layer cell. The ohmic drop calculated from solvent
resistance and cell characteristics is between 5 and 11 mV consistent
with the variation around the end point of the titrations. The ab-
sorbance data was transformed to concentration via Eq. (2) and
plotted as a Nernst plot (Eq. (1)) in Fig. 4a. Superimposition of Nernst
plots obtained by applying reductive and oxidative potential steps was
observed. The formal redox potentials measured for reduction and
oxidation agree within 3 to 10 mV. Experimental results compared
with literature values for HbA, aXL- and PXL-HbA are summarized in
Table 2.

As seen in Fig. 4a, the shape of Nernst plots was sigmoidal for
hemoglobin and crosslinked hemoglobins in both oxidation and re-
duction experimental approaches, in contrast to the straight line ob-
tained for myoglobin (not shown). The non-linear aspect of the Nernst
curve can be better seen through the plot of its first derivative (Fig. 4b)
with respect to potential (Eq. (3)). The Nernst plot is analogous to a Hill
plot so that the slope gives a value of n [4]. In the first case this n is the
Nernst coefficient, which is a measure of the cooperativity of electron

(a) ,
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Fig. 4. (a) Nernst representations for HbA (406 nm), aXL-HbA (430 nm) and BXL-HbA
(555 nm) for reduction (continuous lines) and oxidation (dotted lines). Experimental
conditions: sample concentration 0.1 mM/heme, Ru(NHj;)sCl3 0.5 mM, MOPS 0.05 M, pH
7.1; (b) first derivative of the Nernst curves shown in (a) — average of reduction and
oxidation.

Table 2
Formal redox potential, E°, (vs. NHE), nso and ny.x for HbA, aXL-HbA, and BXL-HbA
determined by spectroelectrochemistry (SEC)

System Literature This work This work This work
HbA HbA aXL-HbA BXL-HbA

MOPS 0.05 M, pH 71 E°=0.098 V E°=0106V  E°=0.134V  E°=0.092 V
ns0=2.0 nso=1.84 nso=1.37 nso=1.02
Nmax=2.10 [20] Nmax=2.05 Nmax=1.58 Nmax=1.22

KCl 0.05 M E°=0121V  E°=0142V  E°=0.101V

MOPS 0.05 M, pH 7.1 Nso=1.68 nso=1.25 Nso=1.10

Nmax=1.88 Nmax=1.46 Nmax=1.17

KCl 0.2 M E°=0.126 V E°=0141V  E°=0.145V E°=0.103V

MOPS 0.05 M, pH 7.1 Nsp=1.55 nso=1.32 nso=1.26 nso=1.04
Nmax=1.83 [20]  Npmax=147  Nmax=152  Nmax=1.07

NaNOs 0.05 M E°=0.124V E°=0.142V  E°=0.091 V

MOPS 0.05 M, pH 7.1 nsp=1.51 nso=1.27 ns0=0.99

Mmax=1.83  Nmax=144  Nmay=1.02

NaNO3 0.2 M E°=0.134 V E°=0130V  E°=0.143V  E°=0.091 V

MOPS 0.05 M, pH 7.1 nsp=1.40 nsp=1.25 nso=1.19 ns0=0.98
Nmax=1.70 [20]  Npax=1.54 Nmax=1.39 Nmax=1.05

HbA in KNO5 0.2 M, E°=0.177 V

phosphate buffer

0.02 M, pH 7.0

WE: Pt modified with  n=1.4 [32]

Brilliant Cresyl Blue

HbA in KNO5 0.2 M, E°=0.040 V

phosphate buffer

0.02 M, pH 7.0

WE: Pt modified with  n=1.24 [33]

Methylene Blue

The concentration of hemoglobin samples was 0.1 mM/heme and the concentration of
mediator, Ru(NHs)gCls, was 0.5 mM. The standard deviation for E® was +3 mV for HbA
and aXL-HbA and +4 mV for PXL-HbA. The standard deviation for nso and np.x was
between +0.05 and +0.10. The values reported are averages of at least three
measurements. Literature values for hemoglobin A (SEC, UV-Vis) are provided for
comparison.

transfer. In the second case it is the Hill coefficient, which is a measure
of the cooperativity of ligand binding. Similarity in these two coef-
ficients may indicate that the same structural conformational changes
are responsible for the cooperativity of ligand binding and electron
transfer.

As seen in Table 2, our experimental values obtained for HbA in the
presence of mediator, Ru(NH3)sCl; agree well with literature data.
Slight discrepancies may be due to the way the reported potential was
converted from Ag/AgCl to NHE.

Crosslinking of hemoglobin and addition of anions resulted in two
trends: 1) shift in formal redox potential, and 2) change in the slope of
the Nernst plot. The formal redox potential of aXL-HbA in MOPS
0.05 M is shifted 28 mV positive compared to HbA (Table 2). This shift
is consistent with an increased stabilization of the tense (T) con-
formation brought about by crosslinking reaction. When oxyhemo-
globin is crosslinked with DBSF, the modification occurs between the
[ subunits, which brings stability to the R relative to T conformation.
Consequently, the formal redox potential is shifted 14 mV negative for
the PXL-HbA as compared to HbA in MOPS 0.05 M (Table 2). The
crosslinking at the B-f interface confers rigidity to the hemoglobin
molecule to a larger extent than the modification at the at—a interface.
However, it was determined from X-ray crystallographic data that the
F helix is positioned in a T state-like conformation relative to the
heme, the iron ion experiencing the electronic stabilization of the T
state [13]. This fact may explain the small negative shift of the formal
redox potential, relative to that of HbA.

All hemoglobins (HbA, aXL-HbA and pXL-HbA) had formal redox
potential shifted positive by allosteric effectors (anions), although to
different extents. Chloride ions had a greater impact at high concen-
trations (0.2 M) whereas at low concentration (0.05 M), nitrate ions
produce a slightly more positive shift in the formal redox potential. As
shown in Table 2, making a 0.05 M ClI” or NO3 solution in 0.05 M MOPS
shifts the formal redox potential of HbA from 0.106 V to 0.121 V or
0.124 V (15 mV and 18 mV, respectively). Making a 0.2 M CI” solution
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in 0.05 M MOPS shifts the formal redox potential of HbA from 0.106 V
to 0.141 V or 0.130 V (35 mV and 24 mV, respectively). Positive shift in
E® implies a shift in conformational transition toward the T state.

At molecular level, the conformational shift T— R is attributed to the
movement of the o and 3 chains at the 013, and a3, interfaces, named
as the “switch region”, with disruption and formation of hydrogen bonds
and salt bridges [1]. Salt bridges also form between positively charged
residues at the 3,3, interface (known as BPG binding site), His NA2(2),
Val NA1(1), His H21(143) and Lys EF6(82), and heterotropic ligands such
as 2,3-bisphosphoglycerate, chloride or nitrate ions. Upon oxidation,
hydrogen bonds and salt bridges involving C-terminal residues and
those within the BPG binding site are broken. The complete movement
of the a13; and a3, dimers is hindered in the presence of anions, and
therefore, the equilibrium TR is shifted toward the T state [23].
Stabilization of the T conformation indirectly influences the inner-
coordination sphere of the Fe porphyrin. As seen in crystallographic [ 24],
resonance Raman [25], and NMR [26] studies, the iron ion does not fully
come into the porphyrin plane, and therefore lacks the electronic
stabilization conferred by the porphyrin ring [3,5-8]. Lower electron
density favors the Fe?* state rather than the Fe>" state thus shifting the
formal redox potential positive.

For the native hemoglobin, nitrate and chloride ions differ in their
mechanism of binding in the “switch region”. Nitrate ions may bond
by both salt bridges and by hydrogen bonds, therefore accounting for
increased stabilization of the T(deoxy) conformation at low concen-
trations compared to the low concentration of chloride ions.

The presence of chloride ions caused a small positive shift in
the formal redox potential of BXL-HbA, 9 mV ([CI"]=0.05 M) and
11 mV ([CI"]=0.2 M), from the value measured in MOPS buffer only,
while the presence of nitrate ions had practically no effect on E°. This is
in agreement with the finding of Perutz and Imai [27] and Bonaventura
and Bonaventura [28] that human hemoglobin variants and hemoglo-
bins of some species that lack specific positive charges in the central
cavity are relatively insensitive to anions. In this experiment the
covalent modification is between the e-amino groups of Lys EF6(82) of
the 3 chains in the central cavity, side chain residues already identified
as anion binding sites. The crosslinking reaction removes two positive
sites, a fact that explains the small positive shift in formal redox
potential with addition of chloride ions. This shift probably arises from
the binding of chloride ions to terminal amino groups or histidyl
residues that are still accessible following crosslinking reaction.

Similar positive formal redox potential shifts with CI” were observed
for aXL-HDbA. In this case, however NOj also produced positive potential
shifts. E° shifted 11 mV positive in the presence of 0.2 M KCl and 9 mV
positive in the presence of 0.2 M NaNOs from the value of 134 mV in the
absence of allosteric effectors. The concentration of chloride and nitrate
ions did not play a significant role in shifting E°. This is attributed to the
fact that the crosslinking reaction of deoxyhemoglobin does not affect
the central cavity as much as it does for PXL-HbA.

The Nernst plots for HbA, aXL- and BXL-HbA are sigmoidal and two
values of n, one at E° (ns0) and one at the maximum along the Nernst
plot (max), can be determined according to Eq. (3). Values of n greater
than 1 indicate cooperative interactions effecting electron transfer [4,5].
The nsg and nga, values (Table 2, Fig. 4b) reflect a decrease in
cooperativity with increasing ionic strength as noted in the literature
[3,5-8,20]. Cooperativity was lower for aXL-HbA and BXL-HbA than for
HbA regardless of the direction of the shift in E°. According to the MWC
model [29], maximum cooperativity occurs at E°, when half of the
hemoglobin molecules are in the Tand half are in the R conformation. In
our experiments, the maximum on the Nernst plots occurred at
potentials slightly more positive than E°. The shift, AE,=E, -E°, did
not follow any trend with changing experimental conditions (electro-
lyte type, crosslinking); this shift may be attributed to experimental
artifacts. For the purpose of detailed analysis based on the two-state
model, nya will be associated with E° since npax values are more
affected by variation of experimental conditions than nsg values.

According to the MWC model [11,29], Nimay is related to E° by

3(1 — casp) (250 — 1)

n =1
max = L e0) (350 + 1)

(5)
through parameters asg, Kr and Kt where the parameter c is the ratio
Kg/Kt. K and Ky are the ligand (water molecule and an electron-hole)
dissociation constants for the R and T states. Parameter a5 is defined as:

exp (EO’F/RT>

050 = Kq

. (6)

The variation of nm., with E° follows the trend predicted by MWC
model (Fig. 5) for HbA and aXL-HbA (curve 1). In addition to our data
(E°, nmayx) values obtained by Crumbliss and co-workers are included
[12,13]. These data were fit using the values of 0.065 for ¢ and 20 for
Kg. Our Ky and c values agree well with those by Perutz et al. [30]
(c=0.1 and 12<Kr<20) and Baldwin and Chothia [11] (0.03<c<0.1).

The points corresponding to PXL-HBA are clustered at the right of the
fitted curve 1. Several factors may account for this deviation. Chain
heterogeneity that results from more than one type of site being oxi-
dized or reduced, or from coupling between sites resulting in negative
cooperativity may cause values of n lower than one in the initial stages of
the oxidation and reduction processes [5]. The data points for PXL-HbA
(curve 2) could be fitted by larger values for Kg (34 instead of 20) and
¢ (0.11 instead of 0.065). The data suggest that crosslinking affects the
coordination of water at the heme site, which in turn should play a role
in the kinetics of oxidation/reduction and possibly autoxidation. From
the definition of K, larger value means decreased affinity for water of
the ferric ion and decreased tendency for accepting an electron.

Kg and c are not independent variables. They are related through
the allosteric constant, L, defined as the ratio of molecules in the T
state and R state in the absence of ligand. L changes according to the
following equation:

(#s0 = D(1 + aso)’
(1 — caso)(1 + cos0)’

The log L is between 3.8 and 5.5 for aXL-HbA, between 2.1 and 4.5 for
HbA, and between -0.4 and 1.0 for BXL-HBA. These values for log L
confirmed that crosslinking at the o;01; interface stabilizes the T state
whereas crosslinking at the 3:3, interface stabilizes the R state.
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Fig. 5. Maximum in cooperativity, nm.x, plotted against formal redox potential, E°, for
HbA, aXL-HbA and BXL-HbA for all experimental conditions investigated. Data taken
from Table 2 are fitted based on MWC model (Eq. (5)). Curve (1) c=0.065, Kzx=20
(through HbA and aXL-HbA data points), curve (2) c=0.11, Kg=38 through BXL-HbA
data points. Experimental values (E°, n.x) for HbA obtained by Bonaventura, Crumbliss
and co-workers at pH 7.1: [5,6,20] (a) MOPS 0.05 M, NaNOs 0.2 M with [HP 10-fold
excess over heme, (b) MOPS 0.05 M, NaNOs 0.2 M, (¢) MOPS 0.05 M, KC10.2 M, (d) MOPS
0.2 M, and (e) MOPS 0.05 M are added for comparisons.
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Fig. 6. Time-based measurements for HbA, aXL-HbA and 3XL-HbA monitored at 406 nm.
Normalized absorbance is defined as (A;~A«)/(Ao—A-) for reduction, and as (Ap—A¢)/
(Ao-A.) for oxidation. Conditions: sample concentration 0.1 mM/heme, 0.5 mM Ru
(NH3)sCls, KC1 0.2 M, MOPS 0.05 M, pH 7.1. (a) Complete reduction (potential stepped
from 0.3 V to -0.5 V vs. Ag/AgCl). Inset: evaluation of first rate order constants, k;.
(b) Complete oxidation (potential stepped from -0.5 V to 0.3 V vs. Ag/AgCl).

3.2. Kinetics

Time-based monitoring of reduction and oxidation of hemoglobins
in the presence of mediator, Ru(NH3)sCls was performed by applying
large potential steps from -0.5 V to +0.3 V vs. Ag/AgCl and vice versa,
as illustrated in Fig. 6. Similar behavior was observed for HbA and

Table 3

crosslinked hemoglobins when the same buffer/electrolyte system
was used. For all systems that have chloride or nitrate dissolved in
0.05 M MOPS buffer, the reduction curves are hyperbolic (Fig. 6a)
while the oxidation curves present an inflection point (Fig. 6b). The
rate of oxidation increases with the progress of the reaction, the
change being especially evident in the initial stages. Oxidation is
slowed by addition of salts especially by the presence of nitrate, while
the reduction reaction proceeds faster in the presence of the above
anions. The same trend was found for aXL- and PXL-HbA.

Cross-reaction rate constants (kq,) for reduction were calculated by
dividing the experimental pseudo-first order rate constant (k) by the
concentration of mediator. Reduction of hemoglobins in the presence
of Ru(NH3)gCl3 with addition of salts follows a first order mechanism.
At every applied potential during the reduction process, the calculated
concentration of the mediator exceeded that of the hemoglobins. The
rate constants displayed in Table 3 as k; are pseudo-first order rate
constants with respect to hemoglobin.

The electrochemical reduction of hemoglobin molecules, as mea-
sured by ki, is driven by the difference in the formal redox potential
between the acceptor (being reduced) and the donor (being oxi-
dized) species (AE®=E%acceptor-E°donor) according to Marcus cross-
relationship [31]:

logky, = % (logkn + logk,, + %AE% (8)
where kq;, and k», are the self-exchange rate constants of Ru(NH3)é"/2+
and hemoglobins (Fe3*/?*), respectively.

Since the quantity AE® is positive when hemoglobin is reduced,
reduction generally proceeds faster than oxidation. Because AE° is
electrolyte-dependent the rate also depends, slightly, on electrolyte
composition. Other terms significant in describing the rate of the
mediated hemoglobin reduction reaction are ky;, and k»,, the self-
exchange rate constants of Ru(NH;)2"/?* and hemoglobins (Fe3*/?*),
respectively.

The k;, values refer to a complete sequence of microscopic steps
involved in electron transfer such as: access of water to the heme
site (quantitatively expressed by Kg), ease of change in doming of the
porphyrin ring upon addition or removal of water, and quaternary
conformational transition. The linear regression analysis based on
Eq. (8), using the value of 4x10°> M™" s™" for ky; of Ru(NH5)2"?*, was
excellent for HbA suggesting that the concerted water (ligand) dis-
sociation and electron transfer required for the application of Marcus
theory is plausible. A value of 0.191+0.017 M~ ! s™! was obtained for
the native HbA.

Our ko, values obtained for hemoglobins are much larger than the
self-exchange rate constants calculated from Marcus theory from
heterogeneous rate constants, ks, for the electron transfer between
heme proteins and an electrode surface obtained by electrochemical

Experimental pseudo-first rate order constant for reduction, k;, and self-exchange rate constants at infinite ionic strength, k»»«, calculated with Marcus cross-relationship (Eq. (8)) for

HbA, aXL-HbA and BXL-HbA

System HbA aXL-HbA BXL-HbA

AE%, V ky, 57! Koz M1 571 AE°, V ky, 571 Koz M7 571 AE%, V ky, 571 Koz M7 571
KCl 0.05 M 0.067 0.037 0.137 0.087 0.047 0.096 0.046 0.026 0.138
MOPS 0.05 M
[=0.072 M
KCl 0.2 M 0.094 0.050 0.096 0.097 0.064 0.103 0.055 0.038 0.180
MOPS 0.05 M
[=0222 M
NaNOs; 0.05 M 0.068 0.033 0.104 0.086 0.054 0.130 0.034 0.028 0.265
MOPS 0.05 M
[=0.072 M
NaNO; 0.2 M 0.080 0.047 0.109 0.093 0.083 0.199 0.042 0.031 0.207
MOPS 0.05 M
[=0222 M

The driving potential, AE®, the difference in the formal redox potential of the acceptor and donor species, was calculated with the values listed in Tables 1 and 2.
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methods. These estimates vary from 1.37x1071° M~! s™! (Pt modified
with Brilliant Cresyl Blue) [32] to 3.9x107> M~ ! s™! (Pt modified with
Methylene Green) [33] probably because of impurities such as oxygen-
bound proteins not properly removed, and use of incompatible elec-
trode surfaces which become passivated by denaturated proteins.
Recently k,- values of 0.144+0.009 M~! s™! were obtained for hemo-
globin by using gold electrode modified with w-hydroxyalkane thiols
[34]. DDAB (didodecyldimethyl-ammonium bromide) modified elec-
trode surfaces yielded self-exchange rate constants for myoglobin
from 0.009 to 0.049 and to 0.121 M~ ' 5™, values that are comparable
to ours and to spectroscopic measurements on similar protein systems
in which heme is not forced to planarity [35]. These comparisons
suggest that the values we obtained are accurate reflections of the
magnitude of self-exchange rate constants for our three hemoglobin
systems.

For both crosslinked hemoglobins, the linear fit was poor. Lack of
fit to the Marcus cross-reaction implied that the concerted motion of
water and an electron-hole does not occur. The k;, values obtained by
linear regression analysis were 0.012+0.004 M ! s™! for aXL-HbA and
0.299+0.096 M~ 5™ for BXL-HbA. The results of the kinetic analysis
are consistent with the results obtained by modeling the data ac-
cording to the MWC theory. That analysis indicated that the major
impact of crosslinking is not only on the electron density at the iron
site but also on the steric changes affecting the binding of water.

3.3. Autoxidation

In the autoxidation reaction, the concentration of oxyhemoglobin
was found to decay exponentially in time for all hemoglobins (Fig. 7),
and first order autoxidation rate constants (Table 4) were obtained by
a similar treatment of data as for those from electrochemical reduc-
tion (Eq. (4)).

The data show that aXL-HbA (T conformation stabilized) auto-
xidizes faster than PXL-HbA, which has the R (oxy) conformation
stabilized by crosslinking, and faster than native hemoglobin in
agreement with the literature [36]. The increased autoxidation rate of
the aXL-HbA is consistent with the suggestion that autoxidation
proceeds via deoxyhemoglobin and that hemoglobin molecules that
have the T (deoxy) conformation stabilized would autoxidize faster
[37]. Addition of chloride and nitrate, which tend to stabilize the T
(deoxy) conformation, caused autoxidation to be faster for all three
compounds (Table 4). One explanation for this relates to the role of
water in autoxidation. This suggested mechanism has oxygen binding
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Fig. 7. Autoxidation of HbA, aXL-HbA and BXL-HbA in NaNO5 0.2 M, MOPS 0.05 M, pH
7.1 at room temperature monitored as decay of percent of oxyhemoglobin in time. Initial
concentration of samples was 0.1 mM/heme.

Table 4
Apparent autoxidation rates for HbA, aXL-HbA and RXL-HbA determined at room
temperature (22+1 °C), pH 7.1

System HbA aXL-HbA BXL-HbA
100xkapp, h71 100%kapp, h7" 100xkapp, h7!

MOPS 0.05 M 0.44 0.65 0.56

KCl 0.05 M 0.45 0.68 0.62
MOPS 0.05 M

KCl 0.2 M 0.79 118 0.96
MOPS 0.05 M

NaNO; 0.05 M 0.48 0.71 0.68
MOPS 0.05 M

NaNO; 0.2 M 0.89 147 1.06
MOPS 0.05 M

The listed values are averages of at least two measurements. Initial concentration of
oxyhemoglobins was 0.1+0.01 mM/heme.

to the ferrous ion in the heme pocket to form a ferriheme-superoxide
complex which is displaced by water in a nucleophilic substitution
(SNy) [37]:

HbA(Fe*t)-0,—HbA(Fe*") — — 05 9-1)

HbA(Fe*t) — — 05 + HyO—HbA(Fe*™)-H,0 + 05 (9-2)
Superoxide anion released from the ferriheme-suproxide complex is
either scavenged by the superoxide dismutase present in the red
blood cells or further reacts with water to form hydroxide anion and
the free hydroxyl radical [37].

Yasuda et. al. found that increased hydrophilicity at the heme site
allows weak nucleophiles (H,0, OH™, or CI") to enter the heme pocket
from the surrounding solvent and displace superoxide anion, with
concomitant formation of methemoglobin [38]. Site directed muta-
genesis studies carried out by Brantley et al. concluded that the rate of
autoxidation could be dramatically increased by increasing the po-
larity of the heme pocket or by increasing the net anionic charge at the
protein surface in the vicinity of the heme [39].

Hemoglobin variants with weak affinity for water would be ex-
pected to have slow reaction rate [40]. The BXL-HbA has a large
dissociation constant for water (Kg value) and therefore reduced
access of water in the heme pocket to drive the reaction. This fact may
be related to a reduced overall rate of autoxidation of the PXL-HbA
compared to aXL-HbA. Unfortunately, the converse is not true. The
faster autooxidation of aXL-HbA (compared to HbA) cannot be ex-
plained by a Ky less than that of HbA. Nor can the faster rate of
oxidation be explained by shifts in the formal potential as they are in
the wrong direction. This suggests, in the context of the ferriheme-
superoxide model, that crosslinking in the alpha form might alter
accessibility of the heme group to oxygen. This suggestion is con-
sistent with the suggestion that the location of the crosslinking group
on the hemoglobin tetramer can differentially affect the free radical
reactivity of the protein. This finding was substantiated by studies
involving cultured endothelial cells [41].

Clear correlations between autoxidation rates and formal redox
potentials or conformations of native, alpha, and beta-fumarate cross-
linked hemoglobins were not found. This is in agreement with other
published studies related to autoxidation and oxygen binding proper-
ties of chemically and genetically-modified hemoglobins. While oxy-
gen binding could be controlled by design, autoxidation could not,
supposedly because of the difficulty encountered in the assignment of
R and T states to the o and P subunits within the recombinant tet-
ramer [39]. The chemical mechanism of oxygen dissociation and ac-
cessibility of oxygen radicals and/or water to the heme site may
control autoxidation. The chemical mechanism would, therefore, pre-
vail over thermodynamic factors such as formal redox potential of
heme group.
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4. Conclusions

The spectroelectrochemical method employed for this study of native,
alpha-, and beta-crosslinked hemoglobins proved to be very sensitive in
detecting small variations of formal redox potential, E°, parameters max
and nso with crosslinking and with addition of allosteric effectors
(chloride and nitrate ions). The formal redox potential of oXL-HbA
(which retained the tense conformation following crosslinking) shifted
positive compared to native HbA. The formal redox potential of BXL-HbA
(which retained the relaxed conformation following crosslinking) shifted
negative compared to HbA. Cooperativity was reduced for both cross-
linked hemoglobins. Addition of chloride and nitrate ions caused the
formal redox potential of HbA and aXL-HbA to shift positive, indicating
stabilization of the ferrous hemoglobin and tense conformation. The data
points (E°, nimax) Were modeled by the MWC formalism with the same
values for Kg and ¢ for HbA and aXL-HbA and different set of Ki and ¢
values for PXL-HbA suggesting that the crosslinking at the 3,3, inter-
face confers a higher degree of rigidity to hemoglobin molecule.

The self-exchange rate constants, k,,, derived from the evaluation of
the rate constants for full reduction refer to a complete sequence of
microscopic steps involved in electron transfer both at the heme site and
on the overall conformation of the hemoglobin molecule. RXL-HbA was
found to have the largest value of k5, followed by HbA and by aeXL-HbA.

The autoxidation rate constants could not be predicted by formal
redox potentials or by self-exchange rate constants. The aXL-HbA,
which retains much of the T conformation, presented the highest
tendency for autoxidation. The PXL-HbA, which retains the R con-
formation showed slower autoxidation rate than aXL-HbA but not
slower than HbA. Our hypothesis is that the chemical mechanism of
oxygen dissociation and accessibility of water and other nucleophilic
agents to the heme site may control autoxidation rates. The chemical
mechanism would, therefore, prevail over thermodynamic factors
such as the formal redox potential of heme(Fe3*/?*),
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The increase of HbA, is the most important feature in the identification of beta-thalassemia carriers.
However, some carriers are difficult to identify, because the level of HbA; is not in the typical range. Few data
are available concerning the prevalence of such unusual phenotypes, and knowing their expected prevalence
could be helpful in detecting systematic drifts in the analytical systems for HbA, quantification.

In this study we report a retrospective investigation in two centres with high prevalence of beta-thalassemia.
The prevalence of borderline subjects was found to be 2.2 and 3.0%, respectively. The genotypes of a subgroup

Keywords: K . .. . . g
Beta-thalassemia of these subjects were then analyzed and in about 25% of cases a mutation in the globin genes was identified.
HbA, We conclude that the occurrence of HbA, borderline phenotypes is not a rare event.

HPLC In order to obtain more accurate HbA, measurements the development of an international reference

Mass spectrometry
Reference systems

measurement system for HbA,, based on quantitative peptide mapping, has been recently started. We believe
that the innovative approach of our method could also be used as a model to develop accurate quantitative
methods for other red cell proteins relevant to the biodynamic properties and the surface electrochemistry of

erythrocytes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The quantitative determination of HbA, is an essential test in
screening for beta-thalassemia carriers [1]. To this purpose, highly
accurate and precise measurements are needed, since the difference
between normal and pathological HbA, values is small. Moreover, due
to the large variability in phenotypes, some cases of slightly increased
or borderline HbA; levels (defined as between 3.3 and 3.7% of total
hemoglobin) can be found, and it is essential not to miss these cases in
order to avoid an incorrect diagnosis. Cases of borderline HbA, levels,
with reduced MCV and MCH, could occur as a consequence of a mild
beta*-thalassemia mutation, co-inherited delta and beta-thalassemia
or coexisting pathological conditions such as iron deficiency [2,3].
Cases with normal MCV and MCH may be simply an artefact due to an
inaccurate calibration of the measuring system, or can be part of the

* Corresponding author. Tel.: +39 02 5033 0422; fax: +39 02 9998 3892.
E-mail address: andrea.mosca@unimi.it (A. Mosca).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.010

normal distribution of non-carriers, or even the effect of an unknown
genetic determinant able to increase the HbA, level [4].

From an analytical point of view, commonly used quantitative
methods include microchromatographic and HPLC techniques,
although new tests based on immunochemistry or capillary electro-
phoresis have also been proposed [5,6]. Anion exchange chromato-
graphy on microcolumns has long been proposed as the reference
method for HbA; measurement [7], but it is a manual technique with
low specificity and high imprecision. Considerable advantages in
terms of precise quantification, savings in time and full automation are
provided by HPLC methods over the labour intensive conventional
techniques, such as elution of Hb bands from cellulose acetate
electrophoresis or anion exchange microcolumn chromatography [8].

Few data are available in the literature on the occurrence of HbA,
borderline subjects in laboratory routine, and little information is
available about the accuracy of the present methods for measuring
this minor hemoglobin. With this work we therefore aimed to explore
this topic by making a retrospective investigation on the occurrence of
HbA, borderline phenotypes in areas with a high prevalence of
thalassemic syndromes. We also want to briefly illustrate a candidate
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Table 1

Characteristics of patients analyzed in the retrospective investigations in Cagliari and Palermo

Study Subjects Sex Age, years mean+SD MCV HbA, borderline

F % M, % <80 fL >80 fL MCV<80 fL MCV280 fL
CA-Adults 8520 59.9 40.1 3117 29.7% 70.3% 1.2% 2.9%
CA-5B 1825 513 48.7 13£1 36.6% 63.4% 0.3% 0.9%
CA-Ogliastra 6151 574 42.6 326 17.9% 82.1% 0.2% 3.7%
PA 1848 64.7 353 42+18 35.5% 64.5% 3.2% 71%

reference system for HbA, which will improve the standardization of
the measurements in the near future.

2. Materials and methods
2.1. Subjects and design of the study

The study was conducted retrospectively in two centres specialized for
the prevention of thalassemic syndromes: the Thalassemia Unit in
Cagliari and the Azienda Ospedaliera A. Cervello in Palermo. In the Cagliari
centre we separately analyzed the data obtained during 14 months 2003~
2004 in 4 different studies: a) Adults (CA-Adults); b) adolescents between
12 and 14 years (CA-5B); c) subjects from a restricted area (CA-Ogliastra)
of the Sardinia island. The data relative to all the measurements
performed in 2002-2003 were collected in the Palermo centre.

2.2. Laboratory analysis

Complete whole blood cell count was collected on all subjects.
HbA, was measured by two HPLC systems from the same manufac-
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Fig. 1. Distributions of all HbA; measurements performed in Cagliari on adult subjects (study
1: CA-Adults) during 2003-2004. The plot in B is an enlargement of the same data of plot A.

turer (Bio-Rad Laboratories, Segrate, Milano), Variant I (PA) and II (CA).
Bio-Rad Variant analyzers are fully automated HPLC which use buffers
and conditions specifically designed for hemoglobin analysis. The
separation of the different Hb fractions is obtained by a cation
exchange column and an increasing ionic strength elution gradient,
performed with two dual piston pumps. Double wavelength detection
(415 and 690 nm) is used to monitor the eluted Hb components. Two-
level calibration of the instrument and sample analysis were carried
out according to the manufacturer's recommendations.

Each laboratory was also asked to collect data on internal quality
control, in order to check the stability of their analytical HPLC systems
over time. This was typically performed by analyzing two control
materials, provided by the same manufacturer, for every analytical
run.

A subset of specimen from subjects with borderline HbA, values
was further investigated by reverse dot blot [9] and gene sequencing
in order to search for mutations in the 3-globin gene, and by GAP-PCR
to search for the coe®37 condition, which is sometimes associated
with borderline HbA; [2]. The molecular analysis has been also applied
to the study of « and 6-globin genes [10,11].

3. Results

The internal data of the Quality Control procedures of both centres
proved to have good reproducibility and stability of both instrumen-
tations during the whole period of the study. Typical between-run CVs
were in the range of 4.8% at the normal HbA, concentration and 2.4%
at the pathological level. A poorer reproducibility (CV up to 10%) was
noted for HbF, especially when present in very low amounts (1% or
lower). At more relevant HbF concentrations, an improvement in
imprecision was found with CVs ranging from 1.9 to 5.0%.

Table 1 reports the basic descriptive statistics of the cases analyzed
in our studies. There were significant differences in the dimensions of
the cohorts, but all were pertinent to areas where there is quite a high
prevalence of beta-thalassemia. Indeed in these regions the pre-
valence of carriers of beta-thalassemia is between 6.0% (Sicily) and

mmmm CA-Adults
CA-5B
= CA-Ogliastra
s Palermo

Percentage of subjects (%)

F M

Fig. 2. Distribution of HbA, borderline subjects in the four studies, separated by sex (F,
M) and by MCV (L: 80 fL; N: >80 fL).
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Table 2
Genotype of 234 (over 1734) subjects with HbA, borderline

NEG/-03.7 2
NEG/IVS 1 nt 6 20
3+6Cd27

NEG/axoxo?Mt3.7 10
Hb Variants®

Cap+1570

B prom. (-101; -92) 10

2 B-thal mutations: 3 039, IVS I nt 1, IVS I nt 110.
b Hb Variants: Hb Acharnes (cd 53 GCT>ACT); Hb Kokomo (cd 74 GGC>AGC), Hb Ernz
(cd 123 ACC>AAC).

10.3% (Sardegna) [12]. The overall incidence of subjects with reduced
mean cell volume (MCV), between 16.1% and 40.1% is in close
agreement with the prevalence data, and is of course higher because
among the subjects with low MCV, those with iron deficiency are also
included. The incidence of subjects with reduced MCV was indeed
lower among the Ogliastra cohort, compared to those calculated on
the cohorts of subjects attending both Hospitals.

Fig. 1 reports the typical distribution of the whole data of HbA,
measurements performed in Cagliari (study 1: CA-Adults) over the
period of the study. The distributions of the other studies were
essentially similar and are not reported in detail. Essentially, two sub-
populations were identified, the left one including most of the non
beta-thal carriers together with some alpha-thal carrier, and the right
one including the vast majority of carriers of beta-thalassemia. As is
clearly evident from the enlargement in the bottom portion, analysis
of the so-called borderline subjects, i.e. HbA; between 3.3 and 3.7%, is
focused to the right shoulder of the left distribution, i.e. that typical of
normal healthy subjects.

The retrospective analysis of the borderline subjects among the
four cohorts was then performed by separating the subjects with
normal MCV (i.e. 280 fL), from those with reduced MCV (<80 fL). We
then analyzed the occurrence of HbA, borderline phenotypes in these
groups and the relevant information is presented in Fig. 2. The analysis
evidenced a higher frequency in the borderline phenotypes among
subjects with higher MCV, and significant differences among the
cohorts. The biggest difference in the occurrence of HbA, borderline
subjects was found by comparing data from Cagliari to that of Palermo,
where the prevalence of borderline phenotypes was, for the individual
with normal MCV, between 5 and 7%, probably due to the higher
frequency of beta+ and beta++ globin gene defects present in this
population [13].

In order to investigate the molecular aspects, we analyzed a
representative subgroup of subjects with borderline HbA; values. Out

Primary reference

[ blood |
J

| erythrocytes |
]!

I hemolysate |

i3

enzymatic cleavage
with trypsin

4
| HPLC - Mass spectrometry |

i}

quantification of specific peptides

8T2 (TAVNALWGK) or 5T14 (EFTPQMQAAYQK)
oT11 (VDPVNFK)

Fig. 4. Principle of the IFCC candidate reference measurement procedure for HbA,.

of 234 subjects, a mutational defect was found in 53 subjects (22.6% of
cases). The genotype of these subjects is reported in Table 2, where it
can be seen that in most of the cases mild beta-thal mutations were
found (such as IVS1, nt6 and some defects of the promoter of the beta
globin gene), together with the triple alpha genotype. It is also worth
noting, however, that some severe beta-thal mutations (such as beta
39 C—T) were found in association with delta gene deletional defects,
as previously described [11].

In order to overcome the problems of poor alignment of routine
methods for HbA, measurement, the International Federation of
Clinical Chemistry (IFCC) has recently approved a project for the
development of a complete reference system for HbA, and an ad hoc
working group has been established (IFCC WG for the standardization
of HbA,). Fig. 3 depicts the IFCC reference system and the traceability
chain for accuracy in HbA, determination.

The candidate IFCC reference measurement procedure has been
developed by the IFCC WG-HbA, and its validation is also under
development, although a standard operating procedure has already
been developed. The principle of the method, which is based
essentially on a quantitative peptide mapping of the peptides
obtained by the digestion of red cell proteins under controlled
conditions, is illustrated in Fig. 4. At present, two specific delta chain
peptides (8T2 and 6T14) have been selected. Work is in progress to

materials

(pure HbA, and HbA,) \ Candidate IFCC reference

measurement procedure L’I:I chbA
HPLC-MS =
Secondary reference materials / ( ) 2
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Manufacturer’s internal
reference measurement

Manufacturer's procedure

working calibrator Manufactursr

Manufacturer's

Manufacturer's standing
measurement procedure

product calibrator

Patient Sample
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Fig. 3. IFCC Reference system and traceability chain for HbA, measurements.
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decide which one will be the target in the final reference measure-
ment procedure.

Using this reference procedure, values are assigned to a panel of
secondary matrixed reference materials. Manufacturers will then
apply these materials for calibration of their routine method, leading
to traceable results of the end user's routine method. At present,
primary and secondary reference materials (SRMs) are available only
in the laboratory of the authors (AM and RP), but transfer of such
materials to the Institute for Reference Materials and Measurements
(IRMM, Geel, Belgium) has already started. The IRMM must make a
decision on the production of the SRM in September 2007.

4. Discussion

A strict analytical performance with a high degree of reproduci-
bility and accuracy is an essential requirement for HbA, assay, due to
the very narrow separation limit between normal and pathological
HbA, values and to the serious consequences that can be derived from
misclassification of a beta-thalassemia carrier. The data we have
provided over 2 years of observation in two Italian laboratories, with a
special expertise in the field of hemoglobin disorders and settled in
areas with high prevalence of thalassemia syndromes, indicate that
indeed, in the vast majority of cases, abnormal higher HbA; values can
be easily recognized, since the distribution of HbA, in beta-thal
carriers is clearly distinct from that of the non-carrier population.
However, in a minority of cases, the difficult cases in which the HbA, is
in the “gray zone”, i.e. between 3.3 and 3.7%, needs to be evaluated.

The observations we have collected clearly show that the occurrence
of such cases, in areas with high endemic prevalence of beta-
thalassemia, is not uncommon, occurring typically in 2-4% of the total
cases analyzed over 2 years. We may then expect that the prevalence of
borderline subjects could be lower in certain areas (such as Northern
Europe) where thalassemia is a more rare disorder, despite the recent
increase due to migratory fluxes. Personal experience with other Italian
laboratories participating to External Quality Assessment Schemes on
HbA,; [14] indicates that in some cases very unusually high occurrence of
borderline HbA, subjects (about 20% of the total analyses performed)
could be due to instrumental drifts or problems. It is likely that a similar
retrospective analysis could be planned in the near future in these
laboratories to monitor, over a long timeline, the occurrence of
borderline phenotypes and compare it to the present investigation.

Finally, the development of a new metrological system to measure
this important minor hemoglobin is a big step forward, according to the
most recent guidelines on standardization of laboratory tests [15]. The
key elements of the system are the reference measurement procedure
and reference materials. The reference measurement procedure is
intended to be used to assign a certified value to a well-defined reference
material. This certified reference material and the manufacturer's
standing measurement procedure will then be used at the manufac-
turer's level to assign values to commercial calibrators. Clinical
laboratories will use the routine procedures with validated calibrators
to measure HbA, in human blood samples. In this way, the obtained
values will be traceable to the reference measurement procedure and
materials, and the standardization of the measurements will be reached.

We may expect that, if the project will be successfully completed,
in the near future it will be possible to achieve a global world-wide
harmonization of this important biochemical test. It is also important
to note that the novel approach to quantitatively measure proteins by
proteomics techniques such as the one illustrated in our work, could

be a useful model to approach the accurate quantitative estimation of
other proteins, especially when they are heterogeneous and present in
complex matrices.

5. IFCC WG-HbA;

The following are members of the IFCC Working Group for the
standardization of HbA,: Prof.ssa Donatella Caruso, Dr. Renata Paleari,
Prof. Andrea Mosca (University of Milano, Italy); Dr. Christine
Schaeffer, Dr. Alain Van Dorsselaer (CNRS, Strasbourg, France); Dr.
Emmanuel Bissé (University Hospital, Freiburg, Germany); Dr. Barbara
Wild (King's College Hospital, London, UK), Dr Brian Green (Micro-
mass, Altrincham, Chesire, UK).

Acknowledgments

We acknowledge Dr Luoise Benazzi (ITB, CNR, Milano, Italy) for the
revision of the manuscript, and Dr Giovanni Bertoli (Bio-Rad
Laboratories, Segrate, Milano, Italy) for supporting this investigation.
Renzo Galanello supported partly this study with a grant from the
Assessorato Sanita Regione Sardegna (L.R. 11, 1998).

References

[1] D.J. Weatherall, J.B. Clegg, The Thalassemia Syndromes, 4th ed.Blackwell Science
Ltd, Publication, Oxford, 2001.

[2] R. Galanello, S. Barella, A. Ideo, D. Gasperini, C. Rosatelli, L. Paderi, E. Paglietti, C.
Sollaino, L. Perseu, D. Loi, A. Cao, Genotype of subjects with borderline hemoglobin
A level; implication for beta-thalassemia carrier screening, Am. J. Hematol. 46
(1994) 79-81.

[3] EJ. Harthoorn-Lasthuizen, ]. Lindemans, M.M. Langenhijsen, Influence of iron
deficiency anaemia on haemoglobin A, levels: possible consequences for beta-
thalassemia screening, Scand. J. Clin. Labor. Invest. 59 (1999) 65-70.

[4] D. Gasperini, A. Cao, L. Paderi, S. Barella, E. Paglietti, L. Perseu, D. Loi, R. Galanello,
Normal individuals with high HbA,; levels, Brit. J. Haematol. 84 (1993) 166-168.

[5] M. Shyamala, C.R. Kiefer, H. Moscoso, F.A. Garver, Application of a monoclonal
antibody specific for the & chain of hemoglobin A, in the diagnosis of (3
thalassemia, Am. J. Hematol. 38 (1991) 214-219.

[6] ZK. Shihabi, M.E. Hinsdale, H.K. Daugherty, Hemoglobin A, quantification by
capillary zone electrophoresis, Electrophoresis 21 (2000) 749-752.

[7] International Committee for Standardization in Haematology (ICSH), Recommen-
dations for selected methods for quantitative estimation of HbA;, and for HbA,
reference preparation, Br. J. Haematol. 38 (1978) 573-578.

[8] H. Waickman, C. Prehu, J. Bardakdjian-Michau, D. Prome, ]. Riou, C. Gokart, M.
Mathis, D. Hurtrel, F. Galacteros, Abnormal hemoglobin: laboratory methods,
Hemoglobin 25 (2001) 169-181.

[9] A. Maggio, A. Giambona, S.P. Cai, J. Wall, YK. Kan, FF. Chehab, Rapid and
simultaneous typing of hemoglobin S, hemoglobin C and seven Mediterranean
beta-thalassemia mutations by covalent reverse dot blot analysis: application to
prenatal diagnosis in Sicily, Blood 81 (1993) 239-242.

[10] E. Foglietta, 1. Bianco, A. Maggio, A. Giambona, Rapid detection of six common
Mediterranean and three non-Mediterranean o-thalassemia point mutations by
reverse dot blot analysis, Am. ]. Hematol. 74 (2003) 191-195.

[11] A. Giambona, C. Passarello, G. Ruggeri, D. Renda, P. Teresi, M. Anza, A. Maggio,
Analysis of 6-globin gene alleles in the Sicilian population: identification of five
new mutations, Haematologica 91 (2006) 1681-1684.

[12] A. Cao, R. Congiu, MC Sollaino, M.F. Desogus, FR. Demartis, D. Loi, M. Cau, R.
Galanello, Thalassemia and glucose-6-phosphate dehydrogenase screening in
thirteen - fourteen years old students of the Sardinian population: preliminary
findings, Community Genetics 11 (2008) 121-128.

[13] A.Giambona, P. Lo Gioco, M. Marino, I. Abate, R. Di Marzo, M. Renda, F. Di Trapani, F.
Messana, S. Siciliano, P. Rigano, FF. Chehab, H.H. Kazazian, A. Maggio, The great
heterogeneity of thalassemia molecular defects in Sicily, Hum. Genet. 95 (1995)
526-530.

[14] R. Paleari, et al., External quality assessment of hemoglobin A, measurement: data
from an Italian pilot study with fresh whole blood samples and commercial HPLC
systems, Clin. Chem. Lab. Med. 45 (2007) 88-92.

[15] M. Panteghini, J.C. Forest, Standardization in laboratory medicine: new challenges,
Clin. Chim. Acta 355 (2005) 1-12.





		New analytical tools and epidemiological data for the identification of HbA2 borderline subject.....

		Introduction

		Materials and methods

		Subjects and design of the study

		Laboratory analysis



		Results

		Discussion

		IFCC WG-HbA2

		Acknowledgments

		References






Bioelectrochemistry 73 (2008) 64-69

I
Contents lists available at ScienceDirect =

EIOEIECTOCHEMISH Y]

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem o

Reaction of Cd(II)-Morin with dsDNA for biosensing of ssSDNA oligomers with
complementary, GCE-immobilized ssDNA

Shuyan Niu, Mingliang Wu, Sai Bi, Shusheng Zhang *

Key Lab of Eco-chemical Engineering, Ministry of Education, College of Chemistry and Molecular Engineering, Qingdao University of Science and Technology, Qingdao 266042, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 15 January 2008

Received in revised form 17 April 2008
Accepted 21 April 2008

Available online 27 April 2008

In this work, the complex cadmium(Il)-morin was synthesized and its interaction with double-stranded
salmon sperm DNA was studied by electrochemical methods on glassy carbon electrode (GCE). It was shown
that Cd(Il)-Morin with high electrochemical activity can intercalate into the double-helix DNA, and the binding
stoichiometry and equilibrium dissociation constant according to the Hill model for cooperative binding were
calculated to be 1.761 and 2.5% 107> M, respectively. Using Cd(Il)-Morin as a novel hybridization indicator, the
hybridization between the probe and its complementary and mismatched sequence was investigated by

Keywords:

Elgctmchemical DNA biosensor differential pulse voltammetry (DPV), which was to access the selectivity of the developed electrochemical
Morin DNA biosensor. The complementary target ssDNA could be quantified over the range from 2.69x1078 M to
Cadmium 9.16x10"7 M with a linear correlation of 0.9971 and a detection limit of 9.30x10™° M. These results

DNA hybridization detection demonstrated that the Cd(II)-Morin indicator provides great promise for the rapid and selective measurement

Differential pulse voltammetry of the target DNA.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Deoxyribonucleic acid (DNA) is one of the most important
macromolecules with biological activity which plays a key role in
the synthesis of proteins and gene expression. The detection of DNA
has been widely used in the fields of diagnosis of genetic diseases,
detection of infectious agents, different genetic expression, develop-
ment of medicine, drug screening, food safety and environmental
monitoring [1-6]. Electrochemical DNA biosensors based on nucleic
acid hybridization have become a popular method for DNA sequence
analysis owing to its good sensitivity, simplicity, accurate specificity
and good compatibility [7-10].

Biosensors for DNA typically employ a single-stranded DNA
probe sequence that is immobilized to the surface of an ampero-
metric electrode. The detection methods of sequence-specific
hybridization are either direct or indirect. For the direct detection
protocol, the oxidation of guanine moiety in DNA strands eliminates
the external labels (label-free detection), while indirect detection
protocol is based on the incorporation an electroactive indicator
[11,12] which has attracted a great deal of interests because it could
generate a measurable electrochemical signal from the hybridiza-
tion/recognition event. Moreover, as regards to the immobilization
of DNA on the electrode surface and the presence of the high
electroactive intercalators have become two leading directions

* Corresponding author. Tel./fax: +86 532 84022750.
E-mail address: shushzhang@126.com (S. Zhang).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.021

for the construction of a more convenient and efficient DNA
electrochemical biosensor [13,14], many kinds of indicators with
different sensitivity and electroactivity have been developed
for hybridization detection, such as anticancer agents, organic
dyes, metal complex and so on. Seeking for novel hybridization
indicators for DNA sequence analysis and detection, therefore, is of
great significance.

Morin hydrate (2,(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-
benzopyran-4-one), Scheme 1, a light yellowish natural plant dye, is
known to have a broad pharmacological activity [15-20], such as
antitumour [15], antioxidation [16], cardiovascular protection [17,18]
and possibly even protective effects against chronic diseases [19,20].
Due to a convenient position of the 50H and 4C=0 as well as 30H and
4C=0 groups in a molecule, morin can easily form the chelate complex
with ions of p-, d-, and f-electron metals [21]. Therefore, morin has
been used as a colorimetric reagent for the spectrophotometric and
fluorimetric determination of metal ions [22-24]. In general, com-
pared with the ligand, the morin complex is considered to have a
better biological activity due to its cooperative effectiveness, which
results in the appealing studies of its antitumour activity. The
synthesis [21,25] and investigation [26,27] of morin metal complex
have been reported and different methods have been used to study its
interaction with DNA [28-32], including fluorescence [28-30],
phosphorescence [31], light scattering [32] and electrochemical
analysis [28,33,34]. However, the complex of cadmium(Il) with
morin is rarely reported.

In the present paper, morin was chosen as a ligand for the synthesis
of a novel cadmium(II) complex of Cd(Cy5Hg07),-2H,0 [abbreviated by



mailto:shushzhang@126.com

http://dx.doi.org/10.1016/j.bioelechem.2008.04.021

http://www.sciencedirect.com/science/journal/15675394



S. Niu et al. / Bioelectrochemistry 73 (2008) 64-69 65

Scheme 1. The molecular structure of morin.

Cd(Ly)]. The interaction between the Cd(L,) and double-stranded
salmon sperm DNA was investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) methods. The experimental
results show that Cd(L;) can bind with double-stranded DNA (dsDNA)
to form a complex mainly by intercalation. Using Cd(L;) as an
electrochemical indicator, a novel electrochemical DNA biosensor was
developed after the accomplishment of hybridization of immobilized
probe DNA with its complementary single-stranded DNA (ssDNA) on
glassy carbon electrode (GCE). To the best of our knowledge, this work
represents the first demonstration of Cd(II)-Morin in interaction with
dsDNA and in the DNA biosensor as a hybridization indicator. The new
electroactive indicator and electrochemical DNA biosensor are con-
vinced to have promising applications in such fields as DNA detection,
drug designing and diagnosis of disease.

2. Experimental
2.1. Apparatus

Infrared (IR) spectra were recorded on a Nicolet 510P FT-IR
spectrophotometer. Elemental analysis was performed by a Perkin-
Elmer 240 analyzer. All electrochemical measurements were carried
out with Model CHI 832B Voltammetric Analyzer (CH Instruments,
USA). A three-electrode system was employed with Pt wire as the
auxiliary electrode, Ag/AgCl/KCl (saturated) as the reference electrode
and GCE (A=0.071 cm?) as the working electrode, respectively.

2.2. Reagents

The Cd(Cy5Hg07),-2H,0 (Scheme 2) was prepared according to the
literature [25]. Elementary analysis: Calc. (Found) for Cd(C;5H907),-2H,0:
C47.63(48.00); H2.97 (3.00) %; IR data (KBr disc, cm™ !, w, weak; s, strong;
vs, very strong): ¥(0-H), 3428(vs); 1(C=0), 1649(vs); 1(C=C), 1549(vs);
1(C-0-C), 1228(s); (Ph), 1499(s); 1(H,0), 697(s); 1(Cd-0), 499(s).

Double-stranded salmon sperm DNA was purchased from Shang-
hai Huashun Biological Engineering Company (Azgo/A2s0>1.8). The
concentration of dsDNA solution, expressed in moles of base pair, was
determined by UV absorbance at 260 nm using the molar extinction
coefficient (&) of 13,200 M™! cm™ . 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide solution (EDC) and N-hydroxy succinimide solution
(NHS) were purchased from Sigma and used without further
purification. Three 24-base oligonucleotides were purchased from
SBS Genetech Company (Beijing, China) with the following base
sequences:

« probe ssDNA (denoted as S;): 5-GAG CGG CGC AAC ATT TCA GGT
CGA-3'.

» Complementary target sSDNA (denoted as S,): 5-TCG ACC TGA AAT
GTT GCG CCG CTC-3'.

* Non-complementary ssDNA to S; (denoted as S3): 5-TCG TCC TGA
AAC GTT GCG CCT CTC-3'.

All oligonucleotides (100 pg mL™!) were dissolved in Tris-EDTA
buffer (TE, pH 8.0) and kept frozen. Other chemicals employed were all
of analytical grade and ultrapure water was used throughout.

2.3. Electrochemical studies on the interaction between Cd(L,) and dsDNA

Appropriate amount of dsDNA and Cd(L,) was mixed and
incubated in 0.20 M Tris-HCl buffer solution (pH 5.8) for 12 min.
The interaction characterization of Cd(L,) with dsDNA was performed
by CV, linear sweep voltammetry (LSV) and DPV method. For CV
scanning, the potential scanning range was from 0.20 V to -1.0 V; the
scanning rate was 0.15 V s~ ', For DPV, the initial potential was -1.0 V;
the final potential was —0.60 V; the pulse scope was 0.004 V. For LSV,
the potential scan was from -1.0 V to -0.40 V.

2.4. Preparation of the electrochemical DNA biosensor

2.4.1. Covalent immobilization of probe ssDNA

The electrochemical DNA biosensor developed was based on the
covalent immobilization of ssDNA on the modified GCE. Prior to the
experiment, the GCE was firstly polished successively with 1.0 pm,
0.3 pm and 0.05 um «-Al,03 suspension. Afterwards, the electrode
was oxidized at +0.50 V for 1 min in 50 mM phosphate buffer solution
(PBS, pH 7.4). Subsequently, the surface activation of the above
pretreated electrode was achieved by dropping 20 pL PBS containing
5.0 mM EDC and 8.0 mM NHS on it. After air-drying of this solution,
the probe ssDNA (S;) solution (1.62x107> M) was dropped on the
activated electrode surface and allowed to dry under an infrared lamp.
Then the electrode was rinsed with ultrapure water to eliminate the S;
adsorbed.

2.4.2. Hybridization reaction

The hybridization was carried out with the incubation of S;-
immobilized electrode in 20 mM Tris-HCl buffer solution (pH 7.0)
containing complementary ssDNA (S,) and non-complementary
ssDNA (Ss), respectively, and allowed for 1 h at 37 °C with constant
stirring. Afterwards, the electrode was dried at room temperature and
successively rinsed with the same Tris-HCl buffer solution and
ultrapure water to remove the residue S, or S; on the electrode
surface.

2.4.3. Intercalation of hybridization indicator

The accumulation of Cd(L,) on the hybridized electrode surface
was performed by immersing the electrode into 0.20 M Tris-HCl
buffer solution (pH 7.0) containing 6.54x 107> M Cd(L,) for 5 min at
room temperature. Then, the electrode was washed with ultrapure
water to remove the remnant Cd(L,) on the electrode surface.

2.5. Electrochemical detection

The electrochemical investigation of hybridization was carried out
by DPV measurements in 0.20 M Tris-HCl buffer solution (pH 5.8),
with potential scan from -1.0 V to -0.40 V. The peak related to the
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oxidation of Cd(L,) at -0.79 V was characterized as the electro-
chemical detection signal.

3. Results and discussion
3.1. Electrochemical interaction between Cd(L,) and dsDNA

3.1.1. Electrochemical behaviors of Cd(L) in the presence of dsDNA at
bare GCE

Electrochemical behaviors of Cd(L;) and its interaction with dsDNA
on the GCE at 25 °C were investigated. Fig. 1 shows DPVs obtained at a
concentration of 6.54x 107> M Cd(L,) for bare GCE in the 0.20 M Tris-
HCl buffer solution (pH 5.8) alone (curve a) or containing 2.15% 107> M
dsDNA (curve b) and 5.62x10~> M dsDNA (curve c). It is observed that
only one anodic peak ascribed to the oxidation of Cd(L,) appears at the
potential of —-0.79 V. The peak current is decreased and peak potential
(Ep) shifted positively with the addition of dsDNA in Tris-HCI buffer,
which strongly demonstrates the occurrence of the interaction
between dsDNA and Cd(L,).

Bard [35] has reported the discrimination of binding modes
between small molecules and DNA. If formal potential (E°’) shifts to
more negative value, the interaction mode is electrostatic binding. On
the contrary, if E°” shifts to more positive value, the interaction mode
is intercalative binding. Therefore, the interaction between Cd(L;) and
dsDNA is attributed to the intercalative binding in this study. It is
generally accepted that the planar aromatic heterocycle in morin plays
a major intercalation role and inserts in the double-helix of dsDNA.
Moreover, the decrease of peak current was also observed with the
increasing concentration of dsDNA. As far as the peak current of
anodic peak (I,,,) is concerned, the value of variational peak current is
linear proportion to the concentration of dsDNA in the range of
3.63x1075-5.62x 107> M, following equation below: Al,,=1.67 pA+
{2.47 [DNA]/uM} pA.

Experimental conditions for the interaction between Cd(L,) and
dsDNA, e.g., scan rate, reaction time, pH and iron strength were
optimized. Fig. 2 shows the investigations between the different scan
rates and I, using LSV. In the presence and absence of dsDNA, the
value of I,,, is directly proportional to the scan rate v’ (V/s) range from
0.14 Vs to 0.38 V s, suggesting an adsorption-controlled electro-
oxidation process of Cd(L,). Experiments to optimize the reaction time
were also performed. The I,, reached a constant value with incubation
dsDNA and Cd(L,) for 12 min, so 12 min was chosen as the reaction
time. It was found that the value of I, responded distinctly with the
pH of the Tris-HCl buffer solution and a maximum peak current
change before and after the addition of dsDNA was obtained at pH 5.8.
Consequently, pH 5.8 was chosen as the optimum reactive pH. In the
presence of dsDNA, when the ionic strength of the solution increased
from 10 mM to 100 mM with additional amount of KCl, the I,,
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Fig. 1. DPVs of Cd(L,) in the absence and presence of dsDNA: (a) 6.54x107> M Cd(Ly),
(b) (a)+2.15x107> M dsDNA, (c) (a)+5.62x 107> M dsDNA.
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Fig. 2. LSVs of Cd(Ly) in the different scan rates range from 0.14 Vs™! to 0.38 Vs~ . Inset
is the curve of peak currents versus the scan rates and the regression equation was
1,,=0.673 pA+{20.956[v/(V/s)]} pA with a correlation coefficient r=0.9989.

exhibited an unobviously increase and the peak potential had no shift
to negative value. In general, the interaction modes of the complex
with dsDNA are electrostatic and intercalative. If the ionic strength of
the solution increases with a potassium salt, there will be a charge
compensation of the nucleotide phosphates by the potassium ions,
hindering the electrostatic binding to the complex [36]. The result
presents that the ionic strength almostly has no effect on the
interaction between Cd(L,) and dsDNA, corresponding with the fact
of the intercalative interaction between Cd(L,) and dsDNA.

3.1.2. Determination of the equilibrium dissociation constant and
stoichiometric coefficient between Cd(L,) and dsDNA

The characteristic Hill parameters of the system for Cd(L,) and
dsDNA were determined according to the literature [33,37]. Itis assumed
that dsDNA and Cd(L;) only produce a single complex dsDNA-Cd(L;)y.
The stoichiometric coefficient, m, and the equilibrium dissociation
constant K between Cd(L,) and dsDNA refer to the reaction scheme (1)
for all-or-none (Hill) cooperativity of multiple ligand binding:

dsDNA + mCd(L;) = dsDNA - Cd(L3),, (1)
The definition of equilibrium dissociation constant is as follows:

K™ = [Cd(Ly)]™ - [dsDNA]/ [dsDNA - Cd(L3),,,]
= [Cd(L)" (1 = )/f )

Where the equilibrium dissociation constant K is the reciprocal of
the stability constant, (Ks=1/K), and f as the fraction of intercalative
complexation is defined as below:

f = [dsDNA - Cd(Ly),, ]/ [dsDNA - Cd(L2) 1] 1ax
= [Cd(L2)]" /{[Cd(L2)]"™ + K™} @)

Then, the following logarithmic equation can be deduced from Eq. (3).

log[f/(1 - f)] = —mlog(K/M) + mlog{[Cd(Ly)]/M} 4)

Based on the above scientifically deduction, the fraction f of dsSDNA
to which Cd(L,) is bound as dsDNA-Cd(L,)., relative to the total
dsDNA concentration in the supporting electrolyte are deduced in a
similar way with Wang et al. [33] as follows:

[dsDNAJo = [dsDNA - Cd(L2) ] oy

where [dsDNA], is total concentration of dsDNA.

f = [dsDNA - Cd(L3),,] /[dsDNA], (5)
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Mass conservation dictates that:

[dsDNA] = [dsDNAJy — [dsDNA - Cd(L3),,]

[CA(L2)] = [Cd(La)]o — M[dSDNA - CA(L3 )] ©
and

Ipa = kq[Cd(L2)), (7
Alpa = Ipa(Cd(La)g) — Ipa(Cd(Ly)) ®)

where [Cd(L;)] is the free concentration of Cd(L,) and Ip,(Cd(L;)) is
the anodic peak current of Cd(L,) in the presence of dsDNA. Insertion
of Egs. (6) and (7) into Eq. (8) yields:

Alpa = kq {[Cd(Lz)]O - [Cd(Lz)]} =k -m- [dsDNA . Cd(Lz)m] 9)
and
Alpa max = ki - m - [dsDNAJ, (10)

Where Alp, max is the maximum peak current change, obviously,
[dsDNA-Cd(L3)m]max=[dsDNA]o holds true. Insertion of Egs. (9) and
(10) into Eq. (5) yields:

f = Alpa/Alpa, max (11)

Insertion of Eq. (11) into Eq. (4), the following equation can be
yielded:

log[4lpa/ (Alpa, max — Alpa)] = —mlog(K/M) + mlog{[Cd(L,)]/M} (12)

From Eq. (12), if dsDNA and Cd(L;) only produced one single
complex, the plot log [Alpa/(Alpa, max—Alpa)] vs. log {[Cd(Ly)]/M}
would become linear with the slope of m. The K could be further
deduced from the slope and the intercept.

The dependence of the anodic peak current of Cd(L,) on the free
concentration of Cd(L,) in the absence (curve a) and presence (curve
b) of dsDNA is shown in Fig. 3. The relationship between Alp,, and the
free concentration of Cd(L;) (curve c) is also displayed in Fig. 3. The
numerical value of Al max can be obtained from the equation of the
curve ¢ with a kind of sigmoid.

As is shown in Fig. 4, the log [Al,,/(Alpa, max—Alpa)] vs. log {[Cd
(L,)]/M} becomes linear with the slope of m. The results of m=1.761
and K=2.5x10"> M were obtained from Fig. 4.

3.2. The studies of DNA electrochemical sensor in the presence of Cd(Ly)

Based on the above discussion that Cd(L,) can intercalate into the
bases of dsDNA, it should be reasonable for the DNA biosensor
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Fig. 3. Curves of anodic peak current of Cd(L,) (Ia), and Alj,, versus free concentration of
Cd(Ly). (a) [dsDNAJ: 0; (b) [dSDNA]: 2.86x 107 M; (¢) Alpa=Ipa, a=Ipa, b-
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Fig. 4. Dependence of log {Alp,/(Alp,, max—Alpa)} on log {[Cd(L)]/M}. The regression
equation was log {Al, [ (Alpa, max—Alpa)}=8.10+1.761 log {[Cd(L;)]/M} with r=0.9801.

development with the use of Cd(L,) as electrochemical hybridization.
The hybridization reaction in the presence of Cd(L,), of complemen-
tary ssDNA (S;) with its immobilized probe ssDNA (S;) on the GCE
support, is as following:

¢—S3 + Sq(immobilized) + Cd(L;) = ds—S1S,—Cd(L;) (13)

where ¢-S, as complimentary ssDNA-Oligomer, S;(immobilized) as
probe ssDNA on the GCE and ds-S;S,-Cd(L;) as product after
hybridization and intercalation.

At the base of reaction scheme (13), the DNA electrochemical
sensor was fabricated using Cd(L;) as hybridization indicator and was
investigated as follows.

3.2.1. The electrochemical characterization of the biosensor fabrication
The electrochemical probe molecule Fe(CN)2"/Fe(CN)&™ was chosen
to characterize the different modified electrodes. Fig. 5 shows the
corresponding CVs for bare GCE (curve a), S; immobilized GCE (curve b)
and hybridized (S;-S;) GCE (curve ¢) in 10 mM KCI solution containing
5.0 mM K3Fe(CN)gs. Compared to the signal obtained on bare GCE, the
peak currents of Fe(CN)2"/Fe(CN)&™ decreased significantly and the redox
peak potential separation increased on S; modified GCE and hybridized
(S1-S,) GCE, indicating that the diffusion of Fe(CN)2 /Fe(CN)&™ to the
modified electrodes surface was largely inhibited due to the electrostatic
repulsion between negative Fe(CN)2"/Fe(CN)¢™ ions species and negative
charged phosphate acid bone of ssDNA or dsDNA on the electrodes
surface. It evidently reveals that the immobilization of probe ssDNA and

0.5 04 03 02 o 00 -0.1
E/V(vs. Ag/AgCl)

Fig. 5. The CVs of K3Fe(CN)g on different electrodes (a) bare GCE; (b) S1/GCE; (c) S;-S,/
GCE.
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further hybridization with complementary target ssDNA could be
successively achieved with our advised procedures.

3.2.2. The selectivity of the biosensor fabrication

The selectivity of constructed electrochemical DNA biosensor with
Cd(L,) as indicator was investigated by DPV. Fig. 6 shows the
representative DPVs obtained in Tris—-HCl buffer solution (pH 5.8)
using S;-modified GCE (curve a), S1-Ss hybridized GCE (curve b) and
S1-S, hybridized GCE (curves ¢, d and e) respectively as working
electrode. Each measurement was performed after Cd(L,) was
accumulated.

It could be seen from Fig. 6 that there is almost no DPV peak
response of Cd(L,) for probe ssDNA modified electrode (curve a in
Fig. 6). This demonstrates that just a negligible small amount of Cd(L;)
could be accumulated onto electrode surface by electrostatic interac-
tion with S;.

The incubation with complementary target ssDNA yields an
obviously increased peak current of Cd(L,) at about -0.79 V, and the
peak currents in DPV responses at the complementary target sSSDNA
concentration of 1.62x1077 M, 6.23x10"7 M and 9.16x10"7 M were
0.23 pA, 0.47 pA and 0.64 pA, respectively (curve ¢, d and e in Fig. 6).
The incubation with complementary target ssDNA yields a signifi-
cantly increased peak current. The increased peak current indicates
the successful intercalation of Cd(L;) into the base pairs of the dsDNA
formed by S-S, target-specific hybridization, as is shown in the
reaction scheme (13).

Additionally, no voltammetric response was detected in curve b for
S1-S3 hybridized GCE. As we know, no base pair of the dsDNA was
formed because S; was non-complementary to S;. As a result, no Cd
(L) was accumulated on the surface of electrode.

Conclusively, the above research strongly proves that Cd(L;) could
interact with duplex DNA by major intercalation and the comple-
mentary target sSDNA could be readily recognized with immobilized
probe ssDNA on the electrode surface with Cd(L,) utilized as a novel
electrochemical indicator.

3.2.3. The sensitivity of the biosensor fabrication

The sensitivity of the fabricated DNA electrochemical sensor was
studied by the different concentration of target ssDNA (S,) complemen-
tary to the probe ssDNA (S;) immobilized on GCE. As is shown in Fig. 7,
the different anodic peak currents obtained in DPV measurement
increases with the increasing concentration of S,. The value of peak
current is linear with the concentration of S, over the range from
2.69x1078 M to 9.16x 107 M. Thus, a detection limit of 9.30x10™? M of
the target ssDNA could be estimated using 30 (where o is the standard
deviation of the blank solution, n=11).

-0.8
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Fig. 6. The DPVs of different GCEs in Tris—-HCl buffer solution (a) S1/GCE (b) S1-S3/GCE;
where the concentration of S3 was 1.62x1077 M, (c) (d) (e) S;-S,/GCE, where the
concentration of S, was 1.62x1077 M, 6.23x1077 M and 9.16x 10”7 M respectively.
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Fig. 7. The value of variational peak current (Al,,,) versus concentration of target sSDNA
(S2). The regression equation was Alp,=13.1 pA+{5.41([S,]/uM)} pA and the correlation
coefficient r was 0.9971.

3.2.4. Regeneration and stability of the DNA biosensor

Regeneration of the modified electrode was accomplished as follows:
the hybridized surfaces of the electrodes were rinsed by hot (95 °C)
ultrapure water for 5 min, rapidly cooled in an ice bath and tested the
reusability of the repetitive hybridization biosensor. Following this
procedure, the electrode response returned to its original signal that was
obtained at the modified GCE surface prior to regeneration. The
regenerated sensor produced a similar decrease of the DPV response
when hybridized with the target ssDNA, demonstrating the regenera-
tion and stability of the DNA biosensor. This regeneration of the modified
GCEs with single-stranded oligonucleotides is useful for continuous
monitoring of the target ssDNA in the future research.

4. Conclusions

The new electroactive indicator of cadmium(Il)-morin was
synthesized and its interaction with salmon sperm dsDNA was
investigated using electrochemical methods. The binding stoichio-
metry m=1.761 and equilibrium dissociation constant K=2.5x10"° M
according to the Hill model for cooperative binding have been
calculated. Moreover, using Cd(L;) as a novel electroactive indicator,
the constructed electrochemical DNA biosensor could selectively
detect the target ssDNA fragment. The surface hybridization of the
immobilized ssDNA fragment with its complementary ssDNA frag-
ment was proved by electrochemical methods. The target ssDNA could
be quantified over a linear range from 2.69x10™8 M to 9.16x10™7 M
with a detection limit of 9.30x10™° M. The developed electrochemical
DNA biosensor based on the cadmium complex of morin would attain
a promising in transducing DNA hybridization, drug designing and
diagnosis of diseases.
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Permeability coefficients of rat and rabbit erythrocyte membranes for a series of amides, as well as for
erythrocytes treated with p-chloromercuribenzenesulfonic acid monosodium salt (pCMBS) have been
determined at 25 and 37 °C. Directly proportional dependence of the pCMBS treated erythrocyte permeability
for investigated substances and their partition coefficients between the hydrophobic phase and water as well
as the values of activation energy of this process indicate that penetration of small hydrophilic molecules is
realized by passive diffusion through the lipid bilayer. The results obtained indicate that penetration of small
hydrophilic molecules of formamide through lipids is determined by the existence of a free space between
hydrocarbon chains that arises from kink formation. The differences in permeability between rat and rabbit
erythrocyte membranes could arise in particular as a result of the differences in lipid composition.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the previous studies, we characterised the permeability of
human erythrocyte membranes for non-electrolytes such as series of
diols [1] and amides [2]. These substances were shown to permeate
the erythrocyte membrane by passive diffusion in two different ways:
through the lipid bilayer and along protein channels. The membrane
permeability of human erythrocytes treated with pCMBS correlates
with the partition coefficients of substances between the hydrophobic
phase and water. It means that pCMBS treatment of erythrocytes
abolishes the hydrophilic protein-mediated pathway for substances to
cross the membrane, leaving only their residual penetration through a
lipid bilayer. The rate of permeation in this case is limited at the stage
of molecule entering into lipid bilayer.

The permeability of a lipid bilayer depends on its phospholipid
composition and the content of cholesterol. The study of lipid bilayer
permeability showed that factors increasing the order and decreasing
the motility of molecules in hydrocarbon regions generally decrease
membrane permeability. Higher carbon chain saturation and the
increased length correlate with decreased permeability for water and
small electrically neutral molecules [3]. Increased temperature leads
to fatty acid chain motility and changes in membrane lipid surface
density, as well as enhanced bilayer permeability.

Our further investigations are directed to the study of erythrocyte
membrane permeability in animal species with varying cell mem-
branes lipid composition. In the present report the membrane
permeability of rat and rabbit erythrocytes (native and pCMBS treated)
for a series of amides has been characterised.

* Corresponding author. Tel.: +380 57 373 3871; fax: +380 57 373 3084.
E-mail address: gordienko@gala.net (O.I. Gordiyenko).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.014

2. Materials and methods
2.1. Materials

The following non-electrolytes were investigated: formamide,
acetamide, dimethyl formamide, dimethyl acetamide. All substances
were of chemical pure standards and additionally purified [2].

Erythrocytes were obtained from rat and rabbit blood collected
with “Glugitsyr” preservative: from rat (white breedless animals) by
paracentesis of the caudal vein, from rabbit (Chinchilla breed) by
insection or paracentesis of a lateral auricular vein.

2.2. Methods

Permeability coefficients for non-electrolytes were determined as
described in [1,2]. The theoretical background of the method was
presented in [2,4].

Aqueous protein channels were inhibited using p-cloromercur-
ibenzenesulfonic acid, monosodium salt (pCMBS, Sigma). The ery-
throcytes were incubated with 2 mM pCMBS for 1 h at 22 °C[5]. Native
erythrocytes and erythrocytes that had been incubated with pCMBS
were washed in phosphate-buffered saline (pH 7.4).

The geometrical parameters of the molecules were estimated using
Stewart models using the Hyper Chem Pro v.5.1 software.

The partition coefficients of the substances between water and the
non-polar phase were determined as described in [2].

3. Results and discussion

The permeability coefficients of rat and rabbit erythrocyte
membranes for the substances under investigation (concentration
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Table 1

Membrane permeability coefficients for rat erythrocytes (P) and calculated activation energy values (En)

Substance Permeability coefficients, P (x10°) m/s Activation energy, Ex k]/mol
25 °C 37 °C Native erythrocytes pCMBS treated erythrocytes
Native erythrocytes PCMBS treated erythrocytes Native erythrocytes pCMBS treated erythrocytes

Formamide 23.97+2.06 6.76+1.73 32.23+4.47 21.84+3.43 19.09 75.62

Acetamide 15.68+3.23 438+0.78 21.86+1.71 143311 2142 76.43

Dimethyl formamide 21.70+3.69 16.22+1.97 33.45+4.44 29.11+£1.44 27.90 37.71

Dimethyl acetamide ~ 21.08+2.60 1711+1.12 32.82+4.09 30.09+2.12 28.55 36.40

of 1 M) were measured at 25 °C and 37 °C and after preincubation
with pCMBS. Experimental data reporting permeability coefficients
and calculated activation energy values for rat and rabbit erythro-
cyte membranes are presented in Tables 1 and 2. The plots of
erythrocyte membrane permeability coefficients (P, m/s) vs. parti-
tion coefficients (K,) of the penetrating substances are shown in the
Fig. 1.

The results presented show that, for all substances under
investigation, permeability coefficients are reduced after incubation
of rat and rabbit erythrocytes with sulfhydryl reagent, in a similar
fashion to that of human erythrocytes. This phenomenon confirms
that these molecules permeate the erythrocyte membrane by two
pathways: through the lipid bilayer and through protein channels.
Reduction in permeability is significantly smaller for the more
hydrophobic molecules: dimethyl formamide (K,=0.233) and
dimethyl acetamide (K,=0.291), because the majority of their flow
occurs through the lipid bilayer. With the exception of formamide, at
both temperatures tested the coefficient of correlation between the
permeability coefficient of pCMBS treated erythrocytes and the
water-hydrophobic phase partition coefficient is 0.95 for rabbit and
0.98 for rat erythrocytes. That is the membrane permeability of
pCMBS treated erythrocytes definitely correlates with solubility
increase in lipid. In both species, the monotonic relation between
membrane permeability coefficient of pCMBS treated erythrocytes
and partition coefficient is disrupted by formamide (Fig. 1). However,
activation energy values show that both formamide and other
substances under investigation permeate trough lipid bilayer by
passive diffusion. There are no reasons to suppose that there are
other mechanisms of these substances for permeating like facilitated
diffusion. High permeating ability of formamide in pCMBS treated
erythrocytes can be explained by the significantly smaller size of
formamide molecules (D=2.0A, L=3.3 A, V=10.4 A%>) when compared
with acetamide molecules (D=3.2 A, L=3.8 A, V=30.5 A%). The size of
formamide molecule is close to that of water with an effective radius
(Rer) of 1.4 A [6]. For a molecule of this size, effective penetration
through fluctuating pores or lipid bilayer defects (kinks) is possible.
The theoretical analysis of fluctuating pore formation process in lipid
bilayer showed that it was most likely that pores have the diameter
up to 5 A [7]. The appearance of a kink leads to a hydrocarbon chain
shift of approximately 1.5 A, with simultaneous formation of a free

Table 2

space. The total space occupied by the lipid molecule increases by
25-50 A3 [8].

Increasing the temperature from 25 °C to 37 °C results in an
increase of the flux mediated by lipid bilayer for all the substances.
This increase was most apparent for the smallest molecules under
investigation: acetamide and especially formamide (Table 3). This
observation is consistent with the notion that a temperature
dependent rise in lipid bilayer permeability occurs. It should be
noted that the ratio P(pCMBS treated erythrocytes)/P(native erythro-
cytes) for hydrophilic substances in rabbit erythrocytes at 25 °C is
significantly lower than that for the rat cells, while the opposite is true
at 37 °C.

Such behavior might reflect the different lipid composition of the
erythrocyte membrane in these animals. It is known that the cholesterol
content in erythrocyte membranes of different animal species vary
slightly [9]. At the same time it was shown, that only considerable
alteration of cholesterol relative content results in visible change of lipid
bilayer permeability [10,11]. Chernitskiy and Vorobey reported [12] that
the relative content of sphingomyelin, almost entirely lacking double
bonds in its hydrocarbon tails, constitutes 19% of the lipid in rabbit
erythrocyte membranes, whereas this number is 12% in rat cells. At the
same time, however, the acidic phospholipid content (phosphatidyle-
tanolamine and phosphatidylserine) in rabbit erythrocyte membranes
is greater than that found in rat. These phospholipids have larger hydro-
carbon chains with up to 6 double bonds. Increasing the temperature the
probability of gauche-isomers formation increases. The energy of
gauche-conformation exceeds best relatively slightly the energy of
trans-conformation (2-3 kj/mol higher), but these states are separated
by energetic barrier of ~12-17 kJ/mol. Moreover, it is more likely that
larger chains will exhibit 120° rotations around C— C bonds, resulting in
formation of a hydrocarbon chain kink. Double (cys-) bonds in non-
saturated fatty acid chains of membrane lipids can serve as “nucleation
centers” for kink formation in neighboring saturated chains. In this case,
the kink formation in the non-saturated chain requires only one gauche-
conformation with a chain incurvation of 80° and the steric restrictions
for the location of a non-saturated chain in the membrane hydrocarbon
zone are eliminated. This situation is consistent with the experimental
observation of sharp decrease in temperature of phase transition in
membranes comprised of saturated lipids on addition of small quantities
of non-saturated fatty acid chains. Estimation of gauche-conformation

Membrane permeability coefficients for rabbit erythrocytes (P) and calculated activation energies (Ea)

Substance Permeability coefficients, P(x10°) m/s Activation energy, Ex k]/mol
25 °C 37 °C Native erythrocytes pCMBS treated erythrocytes
Native erythrocytes pCMBS treated erythrocytes Native erythrocytes pCMBS treated erythrocytes

Formamide 21.61+3.04 3.63+0.21 29.10+4.64 23.54+4.79 19.19 120.54

Acetamide 17.59+0.91 2.32+0.38 24.39+3.26 14.85+1.91 21.07 119.72

Dimethyl formamide 18.03+2.23 12.97+1.72 27.35+£4.05 25.28+2.25 26.87 43.03

Dimethyl acetamide  16.71+1.95 12.01+1.95 25.62+1.63 23.66+1.64 27.56 43.72
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Fig.1.The relation between erythrocyte membrane permeability coefficients (P, m/s) and partition coefficient (K,,) for penetrating substances in the ‘n-octanol water’ system. 1 — native
erythrocytes; 2 — pCMBS treated erythrocytes; FA — formamide; A — acetamide; DMF — dimethyl formamide; DMA — dimethyl acetamide.

occurrence frequency at 37 °C and 12 kJ/mol barrier gives the value
of ~10° 571 [8].

Besides the stated differences between neutral and acidic
phospholipids, it should be noted that various phospholipid
molecules exhibit spontaneous curvature, e.g. phosphatidylcholine,
sphyngomyelin and phosphatidylserine have a cylinder shape, and
phosphatidylethanolamine is conical. Analysis of fluctuating hydro-
philic pore formation in a lipid bilayer shows that the energy of pore
formation strongly depends on the linear tension of the pore
periphery. The minimal values of this parameter are characteristic
for the membranes comprising lysolecithin, which exhibits positive
spontaneous curvature (inverse cone). Membranes of the phospha-
tidylcholine demonstrate intermediate values for linear tension.
Maximum linear tension values are characteristic of membranes
consisting of phospholipids of phophatidylethanolamine type, the
molecules of which exhibit a negative spontaneous curvature. The
probability of local disturbances in bilayer by pore formation
therefore depends on the geometry of lipid molecules present.
Molecules with positive spontaneous curvature (e.g. lysolecithin)
facilitate aqueous pore formation in the bilayer, in contrast to
molecules with zero or negative spontaneous curvature [8]. The
phosphatidylethanolamine content of rabbit erythrocyte membrane

(31.8% of total lipids) significantly exceeds that for rat (21.5%) [12].
The more pronounced temperature dependent increase of the ratio P
(pCMBS treated erythrocytes)/P(native erythrocytes) in rabbit
erythrocytes for formamide as compared with that in rat cells and
accordingly greater activation energy of formamide molecule
permeating through lipid bilayer indicates that the comparatively
higher permeability of lipid bilayer for small molecules such as
formamide arises from a kink translocation along hydrocarbon
chains, rather than as a result of fluctuating hydrophilic pores.

Table 3
Ratio of permeability coefficients for pCMBS treated and native erythrocytes

Substance P(pCMBS treated erythrocytes)/P(native erythrocytes)
Rat erythrocytes Rabbit erythrocytes
25 °C 37 °C 25 °C 37 °C
Formamide 0.28 0.68 0.17 0.81
Acetamide 0.28 0.66 0.13 0.61
Dimethyl formamide 0.75 0.87 0.72 0.92
Dimethyl acetamide 0.87 0.92 0.72 0.92
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Geobacter sulfurreducens effectively produces electricity in microbial fuel cells by oxidizing acetate with an
electrode serving as the sole electron acceptor. Deletion of the gene encoding OmcF, a monoheme outer
membrane c-type cytochrome, substantially decreased current production. Previous studies demonstrated
that inhibition of Fe(Ill) reduction in the OmcF-deficient mutant could be attributed to poor transcription of
the gene for OmcB, an outer membrane c-type cytochrome that is required for Fe(Ill) reduction. However, a
mutant in which omcB was deleted produced electricity as well as wild type. Microarray analysis of the

Ié?;vg:?tjes'r sulfurreducens OmcF-deficient mutant versus the wild type revealed that many of the genes with the greatest decreases in
Cytochrome transcript levels were genes whose expression was previously reported to be upregulated in cells grown with
Microbial fuel cells an electrode as the sole electron acceptor. These included genes with putative functions related to metal
Microarray efflux and/or type I secretion and two hypothetical proteins. The outer membrane cytochromes, OmcS and

OmcE, which previous studies have demonstrated are required for optimal current generation, were not
detected on the outer surface of the OmcF-deficient mutant even though the omcS and omcE genes were still
transcribed, suggesting that the putative secretion system could be involved in the export of outer membrane
proteins necessary for electron transfer to the fuel cell anode. These results suggest that the requirement for
OmcF for optimal current production is not because OmcF is directly involved in extracellular electron
transfer but because OmcF is required for the appropriate transcription of other genes either directly or

indirectly involved in electricity production.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Conversion of waste organic matter and renewable biomass to
electricity with electricigens, microorganisms that can completely
oxidize organic compounds with quantitative electron transfer to elec-
trodes, is a promising novel energy source [1-5]. However, further
optimization of electricigen-based microbial fuel cells is necessary
before many of the possible practical applications of these systems
can be realized. A better understanding of the mechanisms by which
electricigens transfer electrons to the anodes of microbial fuel is likely to
aid in this optimization by providing information for better engineering
of anode materials and/or genetic engineering of the electricigens.

Geobacter sulfurreducens is the electricigen that has been most
intensively studied to date because: 1) it produces high current densities
in microbial fuel cells [K. P. Nevin, H. Richter, S. E. Covalla, J. P. Johnson,
T. L. Woodard, H. Jia, M. Zhang, and D. R. Lovley, Environmental
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Microbiology. doi:10.1111/j.1462-2920.2008.01675.x]; 2) the complete
genome sequence of this organism is available [6]; 3) a genetic system is
available [7-9]; and 4) there has been extensive study on extracellular
electron transfer to Fe(IIl) oxide in this organism which might provide
insights into extracellular electron transfer to electrodes [10-14].
Similarities between electron transfer to insoluble Fe(Ill) oxides and
electrodes include requirements for the electrically conductive pili
[10,15,16] and the outer membrane c-type cytochrome, OmcS [11,17].

Several other c-type cytochromes are known to be involved in Fe(III)
reduction, but their role in electron transfer to electrodes has not been
investigated. Some c-type cytochromes, most notably the outer mem-
brane cytochrome OmcB, are believed to function as electron transfer
components in a chain of redox proteins leading to Fe(1Il) reduction [ 14,18].
However, other cytochromes have a less direct role [9,19]. For example, the
deletion of the genes for putative c-type cytochromes OmcG and OmcH
inhibited Fe(Ill) reduction because OmcB was less expressed in the
mutants [19].

OmcF is a monoheme outer membrane c-type cytochrome of G.
sulfurreducens and the OmcF-deficient mutant was impaired in Fe(III)
reduction because the omcB transcript was dramatically decreased in the
mutant [9]. Here we report that deletion of the gene for OmcF also inhibits
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electricity production, but that the mechanism for inhibition is likely to be
different than that for Fe(Ill) reduction.

2. Materials and methods
2.1. Bacterial strains and culturing conditions

G. sulfurreducens strains DL1 [20], DL6 (omcB::cam) [14], DLTM1
(omcS::spec) [11], DLMC8 (omcE::kan) [11] and DLBKO1 (omcF::kan) [9]
were cultured anaerobically in NBAF (acetate/fumarate) medium at
30 °C as previously described [7]. Steady-state cultures of strain DL1
and DLBKO1 were grown in chemostats under strict anaerobic
conditions (N,-CO, [80:20, vol/vol]) in freshwater medium containing
fumarate (27.5 mM) as the electron acceptor and acetate (5 mM) as the
electron donor, as previously described [21,22]. The dilution rate was
0.05h7".

2.2. Microbial fuel cell system for testing electricity generation

Each G. sulfurreducens strain was initially grown in medium with
acetate (10 mM) provided as the electron donor and fumarate (40 mM) as
the electron acceptor as previously described [17]. The cells were then
harvested via centrifugation, washed, and resuspended in anoxic medium
[17] lacking electron donor and acceptor. This cell suspension was
inoculated anaerobically into the anaerobic anodic chamber (250 ml of
medium) of a two-chambered electrode system [23,24] with 10 mM
acetate and 20 mM fumarate in order to colonize the graphite electrode
surface with G. sulfurreducens, as previously described [17]. Once the early
stationary phase was reached, the culture medium was completely
replaced anaerobically with fresh bicarbonate-buffered growth medium
[25] amended with 10 mM acetate as electron donor. All the other
conditions for fuel cell operation were the same as previously described
[17].

2.3. DNA microarray hybridization and statistical analysis

Total RNA was isolated from three different chemostat cultures of both
the wild type and the OmcF-deficient mutant. Ten micrograms of RNA
from wild type and mutant samples were chemically labeled with cyanine
3 or cyanine 5 (Cy3/Cy5) fluorescent dyes respectively, using the
MicroMax ASAP RNA Labeling Kit (Perkin Elmer, Wellesley, MA) according
to the manufacturer's instructions. Labeled RNA was fragmented in a 20 pl
volume at 70 °C for 30 min using Fragmentation Reagent (Ambion Inc.,
Austin, TX). The resulting products were ethanol precipitated and
subsequently resuspended in hybridization buffer. Duplicates of each
RNA sample were hybridized to 12 K DNA microarrays (Combimatrix,
Mukilteo, WA) as previously described [26]. The arrays were scanned with
a GenePix 4000B scanner (Molecular Devices Inc., Sunnyvale, CA), and
analyzed using GenePix and Acuity 4.0 software. LIMMA mixed model
analysis [R-package LIMMA [27]] was applied to the normalized log,
ratios to identify differentially expressed genes. The P-value was corrected
for multiple comparisons according to the Benjamini and Hochberg
procedure [28] to control the false discovery rate. Genes demonstrating
statistically significant differential expression are listed in Tables 4 and 5
according to the fold changes (<-1.5 for down-regulation and >+1.5 for
up-regulation) and the P-values. A gene was called differentially expressed
if at least half of the corresponding probes for that gene have a P-value
<0.0001. Detailed information on the design of the arrays including
oligonucleotide sequences and raw data are available at the NCBI GEO
database (www.ncbi.nlm.nih.gov/geo) under series number GSE7526.

2.4. Relative quantification of gene expression with quantitative reverse
transcription polymerase chain reaction (qRT-PCR)

Quantitative RT-PCR analysis was performed to verify down-regulation
of genes in the OmcF-deficient mutant observed on whole genome

microarrays. GSU2737 (omcB), GSU2731 (omcC), GSU2780, GSU3410,
GSU1330, GSU1331, GSU1332, GSU1333, GSU1339, GSU1340, and
GSU1341 were selected for further analysis. The primers used for qRT-
PCR analysis were shown in Table 1 (primers used for qRT-PCR analyses of
GSU1331, GSU1332, GSU1339, and GSU1341 are not shown). The Dura-
Script enhanced avian RT single-strand synthesis kit (Sigma-Aldrich Co. St
Louis, MO) was used to generate cDNA with random primers and cDNA
generated by RT-PCR was used for qRT-PCR amplification as previously
described [29]. Detection of amplified qRT-PCR products was performed
with the GeneAmp 5700 sequence detection system (PE Biosystems,
Foster City, CA) according to the manufacturer's instructions. The qRT-PCR
was performed as previously described [17]. To verify amplification and
correct amplicon size, aliquots from qRT-PCR were examined on an
ethidium bromide stained 2% agarose gel. The gene for recA (GSU0145),
previously shown to be constitutively expressed in G. sulfurreducens
[29,30], was not identified in this microarray analyses as differentially
expressed. Equivalent expression of recA was confirmed in both wild type
and the OmcF-deficient mutant by qRT-PCR analysis (data not shown). As
a result, it was used as an endogeneous control for relative qRT-PCR
analysis. Primers (Table 1) were designed for qRT-PCR analysis according
to the manufacturer's instructions (PE Biosystems, Foster City, CA) from
the G. sulfurreducens genome sequence [6].

2.5. DNA and RNA manipulations

PCR product purification was carried out using a QIAGEN Gel
Purification kit (QIAGEN Inc., Valencia, CA). Probes for Northern blot
analysis were labeled with [a->2P]dATP using a Strip-EZ DNA probe
synthesis and removal kit (Ambion Inc., Austin, Texas). [c->2P]dATP
was purchased from Perkin Elmer Life and Analytical Sciences, Inc.,
Boston, MA. All primers used to amplify G. sulfurreducens sequences
were designed using the G. sulfurreducens genome sequence [6].
QIAGEN Taq DNA polymerase (QIAGEN Inc., Valencia, CA) was used for
PCR amplifications. Total RNA was purified from steady-state chemo-
stat culture using the RiboPure™-Bacteria Kit (Ambion Inc., Austin,
TX) according to the manufacturer's protocol followed by treatment
with RNase-free DNase (Ambion Inc., Austin, TX). Northern blot
analyses were carried out with the Northern Max-Gly system (Ambion
Inc., Austin, TX) according to the manufacturer's instructions. All
probes for Northern blot analyses (GSU1330-GSU1333, GSU1339-
GSU1341, GSU2731, GSU2737, GSU2780, GSU3409, GSU3410, GSU0618

Table 1
Primers used for quantitative reverse transcription polymerase chain reaction (qRT-
PCR) for genes whose expression levels were downregulated in the OmcF-deficient
mutant

Target gene Primer Sequences (5’-3) Length of Reference
amplicon (bp)

GSU0145 recA660f GTGAAGGTGGTCAAGAACAAGGT 78 [17]

(RecA,

control)
recA737r GGAAATGCCCTCACCGTAGTAA

GSU2737 8912 CCCACTTCGACAACTATTCG 212 [22]

(omcB)
8908-2  GGTCAGCAGGCCACCGG

GSU2731 8917 GGTCTTCACCCAGATCTCG 232 [22]

(omcC)
8915 GGGTGTTGTGGTAGAAGGG

GSU2780 2780QF TGGTACGGGTTGTGAAAAAGG 202 This study
2780QR  CAGCATCTCGCACTCTTTGG

GSU3410 3410QF  CAATAGTGGAGTGCTGGTATGG 112 This study
3410QR  CAGCATCTCGCACTCTTTGG

GSU1330 1330QF GCAAGCTCGTTACGGGTCTATAC 191 This study
1330QR  CAGGATGCAAGTGATCATTTCAG

GSU1333 1333QF  GGCCGAGCACATGAAAGC 158 This study
1333QR  TGGTCTGGGCCTTGTTATCC

GSU1340 1340QF GGCGCAAGATGGACGAATTC 174 This study
1340QR  CAGCCAGGATGTTTTTGTTGTTC
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Table 2
Primers used for Northern blot analyses for genes whose expression levels were
downregulated in the OmcF-deficient mutant

Target gene  Primer  Sequences (5'-3’) Length of Reference
amplicon (bp)
GSU2737 8916 GGACTGCGCACCATCAAGG 435 [33]
(omcB)
8908-2  GGTCAGCAGGCCACCGG [14]
GSU2731 8914 GCCAGAGTGAGGCCCAGA 543 [33]
(omcC)
8915 GGGTGTTGTGGTAGAAGGG [22]
GSU2780 2780F ATGCAATATGCTTTTACGCC 504 This study
2780R GCGGTTTTCCATGAGGTTCT
GSU3410 3410F ATGAAAACCACAGCCATCGC 225 This study
3410R GTGAGTCGTGGCTCCTTCTT

and GSU2504) were purified from PCR product. Primers for amplifying
probes are listed in Table 2 (primers used for GSU1330-GSU1333,
GSU1339-GSU1341, and GSU3409 are not shown). Northern blot
analysis of GSU0618 (omcE) and GSU2504 (omcS) were performed by
previously reported primers [11]. The PCR amplification condition
was as follows: 96 °C for 4 min followed by 30 cycles of 96 °C for
305,60 °Cfor 30 s, and 72 °C for 30 s, and a final extension at 72 °C for
10 min. RT-PCR analysis was used to determine whether GSU1330,
GSU1331, GSU1332, and GSU1333 comprise an operon, and whether
GSU1339, GSU1340, and GSU1341 comprise another operon. The
primers (Table 3) amplified a segment of the mRNA extended from the
3’ end of one gene into the 5’ end of the next gene.

2.6. Detection of loosely bound outer membrane c-type cytochromes

The loosely bound outer membrane-enriched protein fractions
(LBOP) of G. sulfurreducens DL1 [20], DLMT1 (omcE::kan) [11], DLMC8
(omcS::spec) [11], and DLBKO1 (omcF::kan) [9] strains were isolated as
previously described [11]. The LBOP were separated by Tris-Tricine
denaturing polyacrylamide gel electrophoresis following by staining
with N,N,N',N’-tetramethylbenzidine as previously described [31,32].

3. Results and discussion
3.1. Current generation by the OmcF-deficient mutant

A strain of G. sulfurreducens in which the gene for OmcF was
deleted was defective in electricity production in a microbial fuel cell
(Fig. 1). The OmcF-deficient mutant was previously shown to be
defective in the production of OmcB [9]. However, a lack of OmcB, was
not a factor resulting in diminished current production because an
OmcB-deficient mutant produced current at the same level as wild
type (Fig. 1) as previously reported [17].

Table 3
Primers used for determining whether GSU1330, GSU1331, GSU1332, and GSU1333
comprise an operon, and whether GSU1339, GSU1340, and GSU1341 comprise another
operon

Target genes Primer  Sequences (5'-3') Length of Reference
amplicon
(bp)
GSU1330-GSU1331  13300F GAACAATGCCATTGCCTTGG 481 This study
13310R  ATCCGGGCTTGTCCTTGATG
GSU1331-GSU1332  13310F  AAGTGATCGCCTCCTCCG 469 This study
13320R TCACGTAGATCATCGAAAAGCC
GSU1332-GSU1333  13320F CGATCATGTGGTCCAGCG 503 This study
13330R CCTGGGTAATGGCCTTGC
GSU1339-GSU1340 13390F TGCAGGATGGCGGCTTC 494 This study
13400R TGATCCGCGCCAGGTC
GSU1340-GSU1341 13400F TTCATGGCCGAAAGCAAG 511 This study

13410R  AGCATGACGTTCTCCAGGG
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Fig. 1. Current generated by microbial fuel cells inoculated with G. sulfurreducens wild
type strain (Wild type), the OmcB-deficient mutant (DL6), and the OmcF-deficient
mutant (DLBKO1). The data shown are from a representative fuel cell of triplicate fuel
cells for each treatment.

3.2. Genes with lower transcript levels in the OmcF-deficient mutant
versus wild type G. sulfurreducens

In order to evaluate other mechanisms by which deletion of the
gene for OmcF might negatively impact current production, gene
expression in the OmcF-deficient mutant was compared to gene
expression in wild type with a whole genome DNA microarray. This
comparison was carried out in chemostat cultures with fumarate as
the electron acceptor, because it was not possible to grow sufficient
biomass of the mutant on electrodes for microarray analysis. There
were 12 genes with lower transcript levels in the mutant versus the
wild type and 13 genes with higher transcript levels in the mutant
when changes of more than 1.5 fold and P-values less than 0.0001
were chosen as the criteria for significant differences. Analysis of
transcript levels with qRT-PCR and Northern blot analyses (Table 4,
Fig. 2) confirmed the results from the microarray analysis in each case
investigated. The genes on either side of omcF are GSU2431, a putative

Table 4
Genes that were significantly downregulated in the OmcF-deficient mutant compared
to the wild type in acetate-limiting, fumarate-grown continuous culture®

Locus ID  Annotation Fold change

DNA microarray qRT-PCR

bomcF~ “Electrode omcF

GSU1333 Hypothetical protein -325 375 -4.17

GSU2780 Hypothetical protein -2.66 549 -8.91

GSU2732  Cytochrome c family protein -240 NDE ND
(orf2-2: second gene of omcC operon)

GSU2738 Cytochrome c family protein -240 NDE ND
(orf2-1: second gene of omcB operon)

GSU2739  Hypothetical protein -226 NDE ND
(orf1-1: first gene of omcB operon)

GSU2733 Hypothetical protein -2.23 NDE ND
(orf1-2: first gene of omcC operon)

GSU2731 Polyheme membrane-associated -2.01 NDE -174
cytochrome c (omcC)

GSU1340 ABC transporter, permease protein -1.88 259 -2.14

GSU2737  Polyheme membrane-associated -178 NDE -3.30
cytochrome c (omcB)

GSU1330 Metal ion efflux outer membrane protein, -1.68  3.33 -3.30
putative

GSU3410 Hypothetical protein -1.67 321 -8.51

GSU2741  Transcriptional regulator, TetR family -153 NDE ND

(regulator of omcB operon)

@ Abbreviations: NDE, not differentially expressed; ND, not determined.

b Fold changes in the OmcF-deficient mutant compared to the wild type.

¢ The fold changes were previously reported from whole genome microarray analysis
of G. sulfurreducens during growth with an electrode as the sole electron acceptor
versus growth on Fe(Ill) citrate [17].
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Fig. 2. Northern blot analyses of downregulated genes. Total RNA was isolated from
steady-state cultures from chemostats of the wild type G. sulfurreducens (W) and the
OmcF-deficient mutant (M). (A) A gel was run and stained with ethidium bromide,
revealing the 16S and 23S rRNA, as a loading control. (B) omcB (GSU2737), omcC
(GSU2731), GSU2780, and GSU3410 that were identified to be downregulated in the
OmcF-deficient mutant.

membrane protein similar to Escherichia coli ClpB, and GSU2433, a
putative ATP-dependent protease similar to E. coli Lon. Transcript
levels of both genes were not significantly different in the mutant (fold
changes of 1.000465 and -1.129 for GSU2431 and GSU2433, respec-
tively), consistent with a lack of polar effects in the OmcF-deficient
mutant [9].

The microarray analysis, as well as analysis with qRT-PCR and
Northerns, confirmed the previously described [9] down-regulation of
the omcB and omcC operons (Table 4, Fig. 2). All the components of
these operons had significantly lower transcript levels in microarray
analysis (Table 4). The gene for a transcriptional regulator of the omcB
operon, GSU2741 [33], also had lower transcript levels in the OmcF-
deficient mutant.

The GSU1330-GSU1333 and GSU1339-GSU1340 gene clusters,
which were the most upregulated genes in wild type G. sulfurreducens
grown on the anode surface of a microbial fuel cell [17] were among
the genes with the greatest decrease in transcript levels in the OmcF-
deficient mutant compared to the wild type (Table 4). The GSU1330-
GSU1333 cluster was predicted to be an operon [34] and RT-PCR
analysis with primers designed to amplify transgene fragments
(Table 3) produced the expected products in each instance (data not
shown), suggesting that this operon prediction was correct. Analysis
with qRT-PCR (Table 4) and Northern blots (data not shown) demon-
strated that transcript levels for all genes in the GSU1330-GSU1333
cluster were much lower (ca. -2.1 to -4.2 fold) in the OmcF-deficient
mutant. These genes are annotated [6] as follows: putative metal ion
efflux outer membrane protein (GSU1330), efflux transporter, RND
family, MFP subunit (GSU1331), heavy metal efflux pump, CzcA family
(GSU1332), and hypothetical protein (GSU1333).

Another gene, GSU1340, located near the GSU1330-GSU1333 gene
cluster appeared to be downregulated in the OmcF-deficient mutant
(Table 4). GSU1339, GSU1340, and GSU1341 were predicted to be
components of one operon [34] and the appropriate primers (Table 3)
amplified all of the expected transgene fragments (data not shown)
confirming these genes could be co-transcribed. Analysis with qRT-
PCR (Table 4) and Northern blots (data not shown) demonstrated that
transcript levels for all genes in the GSU1339-GSU1341 cluster were
much lower (ca. -2.1 to —5.0 fold) in the OmcF-deficient mutant. The
genes are annotated as: hypothetical protein (GSU1339), ABC trans-
porter, permease protein (GSU1340), ABC transporter, ATP-binding
protein (GSU1341).

Based on homology to genes in E. coli, the proteins encoded by the
genes in clusters GSU1330-GSU1333 and GSU1339-GSU1341 could
contribute to a system that exports proteins to the outer cell surface in
G. sulfurreducens. GSU1330 has homology with the gene for TolC in E.
coli K12 (32% similarity, NCBI accession number NP417507). When
TolC assembles with a protein providing energy from proton antiport
(corresponding to GSU1331 and GSU1332), this complex pumps out
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Fig. 3. Expression of outer-surface c-type cytochromes. (A) Tris-Tricine polyacrylamide
gel electrophoresis and heme staining of loosely bound outer membrane-enriched
protein fractions prepared from wild type (WT), OmcS-deficient (OmcS~, omcS::spec)
[11], OmcE-deficient (OmcE", omcE::kan) [11], and OmcF-deficient (OmcF~, omcF::kan)
[9] strains. OmcS and OmcE heme staining bands were not detected in the OmcF-
deficient mutant. (B) Northern analysis of omcS and omcE expression in the wild type
(WT) and the OmcF-deficient mutant (OmcF"). Equal amounts of total RNA (5 g) were
loaded for each strain. Ethidium bromide staining of 16S and 23S rRNA is shown in
Fig. 2A as confirmation of RNA quantification.

small compounds such as detergents, organic solvents, and anti-
bacterial drugs for bacterial survival [35,36]. However, if TolC co-
operates with inner membrane complexes providing energy from ATP
hydrolysis (corresponding to GSU1340 and GSU1341), this complex
(Type I secretion system) exports large proteins such as hemolysin and
proteases [36-38]. Thus, the function of the putative type I secretion
by G. sulfurreducens might include exporting some outer membrane
proteins which are important in cell-anode interaction.

In order to determine whether deletion of omcF impacted on the
export of proteins to the outer surface, loosely bound outer mem-
brane-enriched protein fractions were separated from the OmcF-
deficient and wild type strains and examined for cytochrome content
(Fig. 3A). OmcS and OmcE, outer membrane c-type cytochromes that
are required for optimal current production [11,17], were not detected
in the loosely bound outer membrane proteins of the OmcF-deficient
mutant (Fig. 3A). The microarray analysis described above, as well as
Northern blot analysis (Fig. 3B), indicated that transcription of omcS
and omcE was comparable in the OmcF-deficient mutant and in wild
type cells. These results are consistent with the concept that
decreased expression of the putative secretion system (GSU1330-
GSU1333 and GSU1339-GSU1341) in the OmcF-deficient mutant

Table 5
Genes that were significantly upregulated in the OmcF-deficient mutant compared to
the wild type in acetate-limiting, fumarate-grown continuous culture

Locus ID  Annotation Fold Role category
change
GSU2407 Hypothetical protein 2.81 Function unknown
GSU2408 Heat shock protein, Hsp20 family 241 Protein folding and
stabilization
GSU3406 Amino acid ABC transporter, 2.32 Transport and binding
periplasmic amino acid-binding protein proteins
GSU1947 Hypothetical protein 2.14 Function unknown
GSU2404 Pentapeptide repeat domain protein 2.06 Function unknown
GSU2390 Heat shock protein HtpG 1.89 Protein folding and
stabilization
GSU2406 dnaJ domain protein 1.89 Protein turnover,
chaperones
GSU1945 Fibronectin type IIl domain 1.76 Function unknown
protein
GSU0655 RNA polymerase sigma-32 factor (rpoH) 1.67 Transcription
GSU2355 Hypothetical protein 1.66 Function unknown
GSU0658 ClpB protein 1.64 Protein turnover,

chaperones
Regulatory functions
Protein synthesis

GSU1072 Transcriptional regulator, IcIR family 1.60
GSU1752 Translation elongation factor P 1.56
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could prevent proper localization of outer membrane proteins re-
quired for electron transfer to fuel cell anodes.

GSU2780 and GSU3410, which are annotated as encoding
hypothetical proteins, were also downregulated in the OmcF-deficient
mutant (Table 4). Gene expression analysis during growth on elec-
trodes indicated that GSU2780 had the greatest increase in transcript
levels of any hypothetical protein [17]. It has 5 other homologues
(GSU0834, GSU2131, GSU3111, GSU3305, and GSU3402) in G. sulfurre-
ducens genome, but none of these had increased transcript levels
during growth on electrode. Transcript levels of GSU3410 are also
higher during growth on electrode [17]. GSU3409 is a homologue of
GSU3410 and Northern blot showed that GSU3409 co-transcribed
with GSU3410 (data not shown) and is downregulated in the OmcF-
deficient mutant, indicating GSU3409 and GSU3410 are in an operon.
This is consistent with operon predictions [34].

3.3. Genes with higher transcript levels in the OmcF-deficient mutant

The OmcF-deficient mutant had increased transcript levels in
genes related to heat shock response, such as the RpoH heat shock
sigma factor [39], as well as several heat shock proteins and
chaperones (GSU2408, GSU2390, GSU2406, and GSU0658) (Table 5).
The heat shock protein encoded by GSU2408 is in a family of low-
molecular-mass chaperone, a-crystallin-type proteins [40], that
have been proposed to function in membrane stabilization [41] or to
prevent irreversible aggregation of unfolding proteins [42]. GSU2390
encodes heat shock protein HtpG which possess ATPase for its
chaperone activity in vivo and has been proposed to prevent ag-
gregation of unfolded proteins [43] or to promote optimal folding of
proteins in stressed cells [44]. GSU2406, which also appeared to be
upregulated, encodes DnaJ, which is generally believed to be more
important for protein folding than a-crystallin-type heat shock
proteins. These results suggest that the absence of OmcF may have
triggered a stress response to potential mislocalization or misfolding
of proteins. For example, OmcB, which is constitutively expressed in
wild type cells, is likely to be a component of a multi-protein complex
(Tunde Mester, unpublished data). When OmcB is not expressed in the
OmcF-deficient mutant, this could cause misassembly of the complex.

4. Conclusion

The results demonstrate that OmcF, which was previously shown
to be necessary for optimum Fe(Ill) reduction by G. sulfurreducens, is
also necessary for optimum current production in G. sulfurreducens
fuel cells, but that the mechanisms by which OmcF influences Fe(III)
reduction and electricity generation are different. In Fe(IIl) reduction
OmcF is considered to play a role in regulating the transcription of
omcB, a gene encoding an outer membrane c-type cytochrome
required for Fe(Ill) reduction [14] rather than participating directly
in an electron transfer chain to Fe(Ill) [9]. The requirement for OmcF
for proper omcB transcription does not appear to be important in
current production because, unlike Fe(Ill) reduction, OmcB is not
required for electricity production. Rather, OmcF is required for proper
levels of transcription of other genes that previous studies have shown
are among the genes most highly upregulated when G. sulfurreducens
grows on the anode surface of a microbial fuel cell versus growth on a
soluble electron acceptor [17]. In turn, some of the proteins encoded
by these genes may play an important role in the proper localization of
proteins, such as OmcS and OmcE, which are known to be important in
electron transport to anodes[11,17].

A common approach to evaluating the function of outer-surface
proteins in extracellular electron transfer to insoluble electron
acceptors, such as Fe(Ill) oxides or electrodes, is to assume that if
deletion of the gene for the outer-surface protein inhibits electron
transfer then that outer-surface protein is a likely candidate as a
conduit for electron transfer to the extracellular electron acceptor.

However, as the studies reported here demonstrate, it is important to
evaluate potential indirect consequences of such gene deletions.
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Under the influence of a Gardos channel activator, NS309, acting through an increase of the channels Ca®*
sensitivity, it is found that the single population behavior of a suspension of human red cells, showing normal
distributed osmotic resistance and density, after addition of NS309 in a time dependent manner changes to a
two population distribution, with an increasing fraction of cells having high osmotic resistance or high

The increase with time of the high resistance fraction can be fitted to an exponential, with a time constant
corresponding to about 50 min. Since the ‘remaining’ cell fraction is practically unchanged, this points to a
sudden random activation of the individual cells, caused by Ca®" entry through a channel like pathway.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Under physiological or near physiological conditions, the concen-
tration of free Ca?* in the red cell cytosol is maintained at a very low
level, probably about 30 to 60 nM [1,2] by the powerful CaATPase [3],
thereby maintaining the activity of the Ca?" activated K* channel, the
Gardos channel, very close to zero. It has been shown that the passive
calcium influx, which if not countermanded would activate the Gardos
channel, can be described by a saturating and a linear component,
where the linear component is negligible in fresh cells. The saturating
component has been described by a ‘hyperbole’ with Ky 5 about 1 mM,
and an influx at this extracellular concentration of 50 umol/(lce; h)
[4,5]. Trans-acceleration was observed, and it was concluded, that a
major part of the Ca?* influx, under physiological conditions was
carrier mediated.

A serious problem for the characterization of the passive Ca?*
influx, especially at low extracellular Ca®* concentrations, is the lack of
specific CaATPase (PMCA) inhibitors. Commonly used methods have
been metabolic depletion or vanadate treatment. However, in both
cases a residual pumping activity remains [6] and furthermore
vanadate seems to increase the passive Ca** influx [7,8].

In the intact red cell, the Ca?* sensitivity for activation of the PMCA
and the Gardos channel is of the same order of magnitude, in the range
0.5 to 1.0 uM. However, in recent years, a number of Gardos channel
agonists have become available [9,10], and one of these, NS309 seems

* Corresponding author. Tel.: +45 35 32 16 83; fax: +45 35 32 15 67.
E-mail address: pbennekou@aki.ku.dk (P. Bennekou).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.006

up to now to be the most powerful with regard to a decrease of the
K 2(Ca®*) for the Gardos channel. In the present work, NS309 has
been used to hypersensitize the Gardos channel, causing activation
at a, possibly subphysiological, Ca?* level, where the PMCA can be
assumed to be almost inactive [5]. In a low potassium Ringer, the
Gardos channel activation resulting from a spontaneous Ca®* influx
will then cause a hyperpolarization due to the K" conductance
increase, and the concomitant loss of KCI and water will cause the
cells to shrink, increasing the density and the osmotic fragility.

2. Materials and methods
2.1. Reagents

CCCP (Carbonylcyanide-m-chloro-phenyl-hydrazone), nitrendi-
pine, clotrimazole and NS309 (6,7-dichloro-1H-indole-2,3-dione 3-
oxime) were from Sigma and NS1652 ((2-(N’-trifluoromethylphenyl)
ureido)benzoic acid) was synthesized at NeuroSearch [14]. All
compounds were prepared as stock solutions in DMSO. Salts and
sucrose (Sigma) for the Ringers were of analytical grade or better.
The low CI” solution (SR 2/0) contained 264 mM sucrose and 2 mM
KCl, and the normal Ringer (nR) 154 mM Na* and 2 mM K" as
chlorides unless otherwise stated. Diethylphthalat (DEP), d. 1.117-
1119 g/ml and dibutylphtalat, d.1.045-1.047 (DBP) were from
Merch-Schuchardt.

2.2. Erythrocytes

Blood from healthy human donors (the authors) was drawn into
heparinized vacuum tubes and centrifuged. The buffy coat and plasma
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were removed, and the cells (hRBC) were washed 3 times in nR before
storage as packed cells on ice.

2.3. Membrane potential

To 3000 pl experimental solution, thermostatted at 38 °C, were
added CCCP (final concentration 20 uM) and NS1652 (final concentra-
tion 10 uM). The pharmacological agents were added as described for
the individual experiments. The total concentration of DMSO in the
experimental solution never exceeded 0.3%, a concentration that had
no effect on either fluxes or membrane potentials. The experiments
were initiated by the injection of 100 pl packed cells into the medium
to a final cytocrit of 3.2%.

The membrane potential was estimated from the CCCP mediated
pH-change in the buffer free extracellular solution [11] as V=
61.5 mV*(pHi, — pHout). PHin Was determined as the pH in the solution
after the cells were lysed by addition of 100 pl 1% Triton X-100 in 3 M
NaCl and the conductances were calculated as:

ECl - Vm
P =g 1
Sk =8ay Tf - (1)

2.4. Osmotic resistance

500 pl packed cells suspended in 4500 pl of Ringer (nR) were
incubated at 38 °C. The experiment was initiated by addition of
100 uM NS309 (final concentration). At varied times 35 pl suspension
was transferred to a series of Eppendorf tubes containing NaCl
solutions of 0, 0.05, 0.1, 0.175, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6 and
0.8% NaCl, shaken and centrifuged for 30 s at 20,000 g. Note that due to
the salt content in the sample, 0.027% NaCl should be added to the
nominal NaCl %. The supernatants were transferred to disposable
cuvettes and the optical densities at 540 nM were measured.
Assuming the hemolysis of red cells to be normally distributed around
a mean value of NaCl concentration of the hemolyzing solution, the
optical density (the absorbance) of the supernatant, which is
proportional to the liberated hemoglobin as function of the NaCl
concentration was fitted to:

(2)

0 —
Abs(5%) = A x erfc{SA) B}

C

where A is the half of the optical density at total hemolysis, B is the
mean (the concentration of NaCl in W/v-%, s%, corresponding to 50%
hemolysis) and C the SD of the corresponding Gauss-distribution. B
corresponds to the mean value, u and K to the width, o, of the
corresponding normal distribution. Thus 68% of the cells hemolyze in
the interval B +/- K [12]. Should stochastic events cause some of the

V,, (mV)

100 uM NS309 Triton X100

100 uM nitrendipine

-50

0 500 1000 s

Fig. 1. NS309 induced hyperpolarization in nR supplemented with 10 uM NS1652 and
20 uM CCCP. Arrows indicate addition of NS309, nitrendipine and triton X-100.

0 1 V,, (mV)
[ca®, = 4uM
= 14uM
-50+ = 104 uM
= 337 uM
= 1004 uM

-100+ A23187 uM, [Ca’" = 4 puM

0 500 s

Fig. 2. NS309 (10 uM) induced hyperpolarization as function of the extracellular Ca**
concentration. nR supplemented with 10 uM NS1652, 20 uM CCCP and Ca®" as indicated
in the fig. Trace with partly broken line, A23187 induced hyperpolarization.

cells to switch from the initial state to a new hydration state, two or
more populations will coexist in the suspension. In the case of two
populations the osmotic fragility can now be described by:

Abs(s%) = A x erfc % — By + Ay x erfe % — By (3)
C] C2

where A, B and C have the same meaning as above.
The data can be normalized by division by 2 *(A; +A,), yielding an
initial normalized absorption value of 1.

2.5. Heavy cell fraction

5000 pl of experimental Ringer and 200 pl cells (final cytocrite of
3.84%) were incubated at 38 °C and the experiment initiated by
addition of NS309. At varied times, 200 pl of the suspension was
transferred to Eppendorf tubes containing 300 pl heavy oil (DEP) and
800 pl nR. The total amount of hemoglobin was estimated in 300 pl
light oil (DBP) and 800 pl nR at t=0. The Eppendorf tubes were
centrifuged for 15 s at 20,000 g, and the supernatants (including oil
and Ringer) were removed. The pellet was dissolved in 1000 pl of
water, and 800 pl of the sample was transferred to cuvettes and the
optical density (OD) measured spectrophometrically at 540 nM.

3. Results

Following injection of the packed red cells into the unbuffered
experimental medium (nR), the extracellular pH settles at a value
corresponding to the normal red cell membrane potential of about
-10 mV. Immediately following addition of NS309, the membrane
potential hyperpolarizes dose-dependently (not shown). At 100 uM
NS309, the membrane potential hyperpolarizes to about —-80 mV,
corresponding to a K* conductance of about 5 pS/cm?, a hyperpolar-
ization which can be reversed by addition of 10 uM nitrendipine, see
Fig. 1, and clotrimazole (not shown). It should be noted, that the
potential response is enhanced, since the chloride conductance is
blocked about 90% in the presence of 10 uM NS1652.

In the presence of 10 uM NS309, the induced hyperpolarization
showed a marked dependence on the extracellular calcium concentra-
tion, with the hyperpolarization reaching the same level at 1 mM Ca?* as
seen with 100 M NS309 in the presence of only contaminating amounts
of Ca®* (about 4 uM). However, the hyperpolarization following NS309
addition, is relatively slow at all concentrations of [Ca?*]ex compared to
the hyperpolarization induced by the action of the calcium ionophore
A23187 at the lowest [Ca?*]ey, see Fig. 2.

In order to test whether the enhanced hyperpolarization in the
presence of increasing amounts of extracellular Ca%* could be due to
an ionophore effect of NS309, red cell uptake of “°Ca and partition of
45Ca into a water/n-octanol phase +/-100 uM NS309 were determined.
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0 500 1000 s

Fig. 3. hRBC preincubated for 7 min in SR, supplemented with 20 uM CCCP and 10 uM
NS1652. At t=0, either Ca?*, NS309 or Ca?* and NS309 as indicated in the fig. were
added.

However, no indication of ionophore properties was observed. When
hRBCs are suspended in a sucrosed substituted medium, nominally
Ca®* free (about 4 UM as contamination), the initial depolarization
activates the non-selective voltage dependent cation channel (the
NSVDC channel) resulting in a repolarization. When stationarity is
reached, after about 7 min, addition of Ca®* (1 mM) gives rise to a
hyperpolarization, due to Ca?" entry through the NSVDC channel
causing activation of the Gardos channel. This hyperpolarization is
followed by a redepolarization, caused by the voltage dependent
closing of the NSVDC channel mediated Ca?* influx and the pump
extrusion of the Ca®* (see Fig. 3). If instead of Ca®*, 50 uM NS309 is
added as hyperpolarization is again observed, but in this case not
transient, which is the case too, if Ca* and NS 309 is combined, but the
hyperpolarization reaches more negative values.

In the presence of 100 uM NS309, the original monophasic osmotic
fragility curve, which can be fitted to a complementary error function
(Eq. 2), reflecting the underlying normal distribution, changes into a
biphasic curve, which can be described by a sum of two weighted
complementary error functions (Eq. 3), see Fig. 4, left panel. The
fraction of the cells, which changes into the high resistance fraction
(hrf) vs. time, can be fitted to a mono exponential function, see Fig. 4
right panel and Table 1.

As illustrated in Fig. 4, left panel and Fig. 5, the cells either transit to
a high resistance state, or retains relatively unchanged the osmotic
resistance, corresponding to the initial (control) state, as illustrated by
Fig. 5, right panel, which shows the % NaCl solution at which half of the
remaining cells have hemolyzed and the interval in % NaCl in which
68% hemolysis occurs.

An alternative approach to the determination of the fraction of
osmotic high resistance cells in the presence of NS309, is an isolation

1.0

0.54

0.0
0.0

1 T
0.2 04 % NaCl 06

1.09

0.5

0.0
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of the dense cells by centrifugation of the cell suspension through a
heavy phathalate oil, where the fraction of cells, which has
experienced a massive loss of KCI and water forms a pellet below
the oil. At the normal chloride conductance (20 pS/cm?) the first
arrival of heavy cells is observed after a lag time of about 4 min, see
Fig. 6. However, if the chloride conductance is lowered to about 10% of
the normal value, the lag time before the first arrival is increased to
about 30 min. In both cases, the increase of the heavy fraction with
time can be fitted to mono exponential functions having nearly
identical rate constants.

4. Discussion

Following the addition of NS309 to a suspension of red cells, a
hyperpolarization, estimated by the CCCP method, is observed. This
hyperpolarization, which is dose dependent, can be reversed by the
action of the Gardos channel blockers nitrendipine [13] and
clotrimazole [14], see Fig. 1. Since the hyperpolarization is dependent
on the concentration of NS309, as well as the concentration of
extracellular calcium, a possible explanation for at least part of this
observation could be that NS309 had calcium ionophore properties.
However, since NS309 neither caused an increase of Ca®" influx into
red cells nor gave rise to a #*Ca transport from a Ringer solution into an
n-octanol phase, this possibility seems to be excluded. This demon-
strates that NS309 acts as a Gardos channel activator in intact human
red cells, as has previously been shown to be the case for hIK and SK
channels in expression systems, where NS309 has been shown to
increase the channel sensitivity towards Ca®* [10].

In the human red cell two major transport systems are activated by
Ca?", the Gardos channel and the PMCA, both of which have Ca®*
sensitivities in the same range. It has previously been shown, that a
non-selective cation pathway, the NSVDC channel, which is permeable
to Ca?* too, is activated by depolarization caused by suspension of the
cells in a sucrose substituted Ringer. Subsequent addition of Ca®*
activates the Gardos channel, followed by deactivation, due to calcium
extrusion by the PMCA [15]. Addition of NS309 to a suspension of cells
in a sucrose substituted Ringer containing contaminating Ca®* only,
(about 4 pM), causes likewise a hyperpolarization, but contrary to the
calcium induced hyperpolarization in the absence of NS309, this is not
transient, see Fig. 3, indicating that the Ca®* sensitivity of the PMCA is
unaffected by NS309. This is further supported by the finding that
NS309 did not enhance liberation of inorganic phosphate from inside-
out vesicles in the presence of ATP and calmodulin.

Since the Gardos channel Ca®" sensor have been shown to be
constitutively bound calmodulin [16] and the PMCA is activated by
association to a calcium-calmodulin complex, it seems probable that
the NS309 agonist effect is caused by direct interaction with the

High res. fraction 10
%NacCl, ,
— 0.5
+
+
2+.
m [Ca”]=100
@ [Ca’"] =0 (nominal)
¢ 0.0

T
0 100 (min)

Fig. 4. Left panel: Osmotic resistance vs. time, nR supplemented with 100 uM NS309. + control, O 30 min, ® 60 min, [] 120 min, @ 180 min. Unbroken lines are fit to Eq 2, respective Eq. 3.
Right panel: Fraction of cell with resistance below 0.2 % NaCl, upper curve (M) + 100 uM Ca®*, lower curve (®) 0 uM Ca®>* (nominal), corresponding to the left panel. Unbroken curves are

fit to mono exponential functions.
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Table 1
Parameters from fits to a mono exponential function of fraction of cells having high
osmotic resistance vs. time

[Ca**out 0 pM (nominal) SD 100 uM SD
Inf. hrf 0.719 0.0092 0.92 0.049 Fraction
Rate const. 0.0142 0.0005 0.0259 0.0048 min~!

Curves shown in Fig. 4, right panel.

Gardos channel, and not by an action on calmodulin per se. This
implies, that the activation of the Gardos channels, under the
influence of NS309, in the intact cells, are indicators for changes in
intracellular free calcium at concentration levels where the Ca®* pump
is almost inactive.

A consequence of an activation of the Gardos channel in low K*
Ringers is a concomitant loss of KCl and water, tending to increase the
osmotic resistance due to the shrinkage. Contrary to what has been
observed at maximum activation of the Gardos channel [17] and the
NSVDC channel [18] where the cells behave as one population, the
osmotic resistance curve under the influence of NS309 becomes
biphasic, see Fig. 4. The curves seem to be composed of a fraction
which increases with time of high resistance cells and a fraction of
‘remaining’, almost unchanged cells (Fig. 5), which points to a fast
transit from the normal state to the high resistance state. The fraction
of high resistance cells vs. time in the presence of about 4 uM Ca**
(contamination) and 100 pM NS309 can be fitted to mono exponential
functions with time constants of about 70 and 40 min (see Table 1),
but with a high resistance fraction at infinite clearly below 1.0. At
100 uM extracellular Ca* the high resistance fraction reaches about
0.92 (Fig. 4) and at even higher extracellular Ca®* the fraction
approaches 1.0.

It has been shown, that the PMCA capacity for Ca®* extrusion varies
considerably within the cell population [3], from 2-60 mmol/(lceys h)
which would cause [Ca?*]cey to vary between 15 and 80 nM under
physiological conditions with a Ca®* influx of 50 pumol/(leens h) [19].
The NS309 enhanced Gardos channel sensitivity could then cause the
cells with the highest Ca content to respond immediately, with
subsequent recruitment of cells in the low capacity pumping range.
However, under the present experimental conditions, at about 4 pM
Ca®* in the extracellular solution, the mean influx of Ca** can be
assumed to be appreciably lower, and a graded activation of the
Gardos channels in the susceptible fraction should be reflected by a
marked broadening of the width of the osmotic resistance distribution
for the ‘remaining’ cells, which is not observed (see Fig. 5).

An alternative approach to the determination of the osmotic
resistance as an estimate of the Gardos channel activation is the

1.0
(Dense fraction)
0.54
OO-T T T T
0 20 40 60  min

Fig. 6. Fraction of dense cells vs. time, nR supplemented with 100 pM NS309. (] control,
M as control, supplemented with 10 uM NS1652. Unbroken curves are fits to a mono
exponential function.

measurement of the fraction of cells becoming very dense, in the
present experiments cells reaching a density above 1.118, see Fig. 6. It
can be calculated, that the cells must loose about 65 mmol KCI/(1
original cells) to reach this density. At the normal chloride con-
ductance, which is about 20-25 pS/cm? [20] the first arrival of cells in
the dense state occurs after about 3-4 min. This implies that the flux
rate is above 1000 mmol/(1 original cells h) of KCI, very close to the flux
rate observed at maximum Gardos channel activation. However, the
time constant for the exponential increase of the dense fraction is
about 50 min, not significantly different from the time constant found
for the change in the osmotic resistance at 4 uM extracellular Ca**. If
the chloride conductance is lowered to about 10% of the physiological
value by the action of 10 uM NS1652 [21], the first arrival of cells into
the dense state is after about 30 min, consistent with the obtainable
loss rate at maximum or near maximum Gardos channel activation at
a chloride conductance of about 2 pS/cm?, but again with a time
constant for the exponential of about 50 min, see Fig. 6.

An exponential rise in the high resistance or dense cell fraction is
consistent with a random activation of the individual cell. Since Ca®" is
a prerequisite for Gardos channel activation, this could be caused by
an opening of a calcium pathway working in an on/off mode, that is
channel like. Such a behaviour has been observed previously for sickle
cells, run through a series of oxygenation/deoxygenation cycles
leading to cells becoming irreversibly sickled, and has been ascribed
to the opening of a randomly active cation pathway, P.a, in deoxy-
genized cells [22].

The waiting time for first arrival of cells into the dense fraction of
3-4 min at the normal chloride conductance, and about 30 min with
inhibition to about 10% of the normal value, signifies that the Gardos

Norm. low density frac. %NaCl, 5
1.0
0.5+
H I
0.5 ? +
0.0 T 0.0 T T T T -
0.0 % NaCl 0.5 0 50 100 150 min

Fig. 5. Remaining cells, corresponding to Fig. 4, left panel. Normalized osmotic resistance of low resistance fraction, right panel: Half hemolysis NaCl % (unbroken line) and the width

of the distribution are indicated as vertical bars.
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channels in the activated cells become maximally or near maximally
activated, corresponding to about 60 to 80 pS/cm? [23,24]. Since not all
cells are activated instantaneously, as is the case under the action of
NS309, the intracellular free calcium concentration in the major
fraction of the cells must be too low, due to the active extrusion, to
cause Gardos channel activation, even in the presence of NS309.

It has been shown, that the Gardos channel activation induced by
A23187 is instantaneous and near maximal. As can be seen from Fig. 2,
the activation caused by NS309 results in an apparent hyperpolariza-
tion, which is lower and develops more slowly. The probabilistic
activation by NS309 of the individual cells, as demonstrated in Fig. 4
explains the phenomenon. If the cells, instead of being homoge-
neously activated, are either activated, which means that they
hyperpolarize, or remains in the resting state, the change in the
extracellular pH cannot be used directly for a membrane potential
calculation, but only in a qualitative sense. The cells with maximally
activated Gardos channels will hyperpolarize to about -90 mV
respectively —108 mV at g¢ ~2 pS/cm?. The cells which remain in
the resting state are equivalent to a buffered extracellular medium
relative to the activated cells, and changes in the cellular pH will occur,
both for the cells in the activated and resting state [11]. The membrane
potential estimated from the suspension pH thus becomes a weighted
mean value, where the weighting factors are the fractions in the
respective states.

Although the average Ca®* influx has been shown to be dominated
by a carrier like mechanism, infrequent random opening of a calcium
entry pathway in the individual cell, could lead to an abrupt increase
of the [Ca®']een, causing the Gardos channels in this cell to open,
whereby the membrane potential hyperpolarizes. However, the lag
times for the first arrival of cells in the dense state indicate that a cell,
once activated stays activated for 4 or 30 min, which at maximum
Gardos channel activation is necessary for the cell to reach a density
above 1.118 g/ml cells. This seems to imply, that the resting pump-leak
cellular Ca®* concentration is below the threshold for Gardos channel
activation, but following a Ca®* burst the PMCA cannot lower the Ca®*
concentration sufficiently to deactivate the Gardos channel again, as
directly seen with cells suspended in sucrose Ringer (Fig. 3).
Tentatively this might be ascribed to the establishment of a new
steady state at a higher concentration, due to the hyperpolarization. It
should be noted, that since the Gardos channel activation probably is
dependent on at least the 2nd power of the [Caz"]ceu, as has been
shown for IK and SK channels [25,26] a lowering of the half activation
concentration for Gardos channel activation to about 50 nM gives a
very steep activation curve, almost resembling a square function.

At present, it is unclear, why the fraction of cells recruited to the
high resistance state at infinity seems to be dependent on the
extracellular calcium concentration. A number of explanations can be
guessed at: 1) a distribution over the cell population of the Gardos
channel calcium sensitivity, 2) a distribution over calcium perme-
ability and 3) a distribution over PMCA activity at low or subphysio-
logical calcium concentrations. The most probable explanation seems
to be the distribution over the pump activity. It has been shown, that
the Viax for the pump covers a wide range of values, from about 5-
35 mmol (340 g Hb) 'h™! [3]. If this spread in V. is paralleled by the
pump rates at physiological or subphysiological [Ca®'];, the increased
influx at an elevated [Ca®*],yc once a ‘calcium channel’ opened would
lead recruitment of the cells with the highest pump rates, too.

The molecular nature of these putative Ca%* channels is at present
unknown. Apart from the NSVDC channel, which is permeable to Ca**
[27,15] functional Ca?* channels have been identified in patch clamp
experiments [28]. These channels, which were characterized as B-
channels, seem to have very long closed periods, interrupted by
occasional bursts of activity. Furthermore, immunological analysis has
shown the presence of voltage dependent Ca®* channels in the human
red cell membrane, and it was shown that a range of Ca?* blockers
inhibited the Ca?* influx [29].

5. Conclusion

Through a pharmaca-induced increase of the Gardos channel Ca*
sensitivity, the activation of this channel becomes an indicator for
passive Ca®* influx. The time dependence of the activation can be
described by an exponential, which is consistent with a random
opening of a Ca®* pathway, which causes a [Ca®"| e increase above the
mean pump-leak level, and above the threshold for the enhanced
Gardos channel activation. This indicates the presence of a functional
channel like pathway for Ca?* in the human red cell membrane.
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The goal of this work was to introduce a modified electrochemical sandwich model for target protein
detection, exploiting antibody as the capturing probe, aptamer as the detection probe and methylene blue as
the electrochemical active marker intercalating in the probing aptamer without previous labeling. With
appropriate design of the sequence of the aptamer, the aptamer was successfully utilized instead of antibody
for obtaining the electrochemical detection. A special immobilization interface consisting of nanogold-
chitosan composite film was used to improve the conductivity and performance characteristics of the
electrode. The capturing antibody was linked to the glassy carbon electrodes modified with composite film
via a linker of glutaraldehyde. Differential pulse voltammetry was performed to produce the response signal.
Thrombin was taken as the model target analyte to demonstrate the feasibility of proposed methodology. The
sensor shows the linear response for thrombin in the range 1-60 nM with a detection limit of 0.5 nM. The
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proposed approach provides an alternative approach for sandwich protein assay using aptamers.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In previous protein analysis, antibodies have been extensively
utilized as affinity reagents due to their high selective binding ability
to protein. However, shortcomings with their production, stability,
and modification have urged the chemical workers to seek alter-
natives. The aptamer, which belongs to a class of synthetic DNA/RNA
oligonucleotides obtained from random sequence nucleic acid
libraries by an in vitro evolution process [1,2] SELEX (systematic
evolution of ligands by exponential enrichment), could mimic an
antibody in protein analysis [3,4]. Compared with antibodies,
aptamers possess some outstanding features, including high specifi-
city of binding affinity, nice stabilization, easy synthesis and
modification with electrochemical active markers, optical dyes,
enzymes and other desired substances. Furthermore, aptamers can
reversibly capture and release their target protein. It is facile for the
aptamer to transduce the recognition events into detectable signals.

In recent reports, systems for protein detection based on aptamer
mostly concentrated on optical [5-12] detection, quartz crystal
microbalance [13,14] and electrochemical method [15-21]. So far as
the electrochemical detection is concerned, sensors based on
molecular aptamer beacon labeled with single electroactive marker
[17-20] have been extensively studied. For example, Lai et al. [17]
labeled the aptamer beacon with an electro-active marker to realize
the function of electronic on-off molecular switch for detection of
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platelet-derived growth factor. Such detective system is very simple
and sensitive, though it requires that the aptamer undergoes
conformational changes upon the recognition reaction. The sandwich
approach of protein detection has been the focus of the research
interest. Except for few kinds of proteins with two aptamer binding
sites [21,22], previously reported sandwich performances for protein
detection mostly focused on conventional antibody-based immu-
noassays, with one antibody for immobilization and the other labeled
with an enzyme for detection. So far as we know, the modification of
antibodies was difficult, high-cost and time-consuming.

To circumvent this difficulty, the present study, we introduced a
new sandwich [23,24] electrochemical protein detection system using
aptamer as the detection probe and a conventional polyclone antibody
as the capturing probe. We selected thrombin as the model target
analyte. On contrary to the conventional way to obtain the electro-
chemical signal by modifying the aptamer with appropriate markers,
we directly intercalated MB into the thrombin aptamer to avoid a
previous labeling procedure. Electrochemical measuring of the
recognition events possesses plenty of advantages, which is stable,
simple, cost-effective, and avoids external modification on the
biomolecules. Introducing polyclone antibody for capturing target
facilitated the competitively binding of aptamer, as there were plenty
of binding sites on target for a polyclone antibody except these for the
aptamer. Moreover, as MB could easily intercalate into DNA aptamer,
employing antibody as the capturing probe could reduce the
background signal. Thirdly, it is much easy to obtain a conventional
antibody and an aptamer for a target for sandwich assay. This strategy
also combined the specificity of antibody and aptamer with a
possibility to achieve high specifical detection.
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In order to improve the conductivity of the electrode, we brought
in gold nanoparticles together with the probable improved retain-
ment of the bioactivity of the immobilized antibody. Application of
gold nanoparticles for modifying the electrode [25-28] could
significantly decrease electron-tunneling distance, facilitating the
electron transfer. Chitosan (CHIT) [29-32] is a kind of polysaccharide
which is protonated and positively charged in solution. Due to its
excellent film-forming ability and richness in amino groups, CHIT has
been previously employed to modify the electrode for immobilization
antibody [32,33]. Considering the special properties of gold nanopar-
ticles and CHIT, herein, we prepared the nanogold-chitosan composite
film [29] for immobilization of thrombin antibody.

2. Experimental
2.1. Materials and reagents

The thrombin aptamer used with additional extended one end with
22-base and the other end with 21-base oligonucleotides (vide infra), 5'-
GACAGACGATGTGCTG ACTACTGGTTGGTGAGGTTGGGTAGTCAGCA-
CATCGTCTGTC-3', was synthesized according to our design by Takara
biotechnology (Dalian, China) Co. Ltd. Purified sheep anti-human
thrombin, dissolved in 10 mM HEPES, 0.05 M sodium chloride, pH 7.4,
containing 50% glycerol, was purchased from Biodesign (Ohio, USA).
Lyophilized human thrombin was purified from human plasma (R&D
Systems, Inc). Chitosan (CHIT, 75-85% deacetylation) and HAuCl4-4H,0
were obtained from Sigma. Glutaraldehyde (GA) solution (25%) was
obtained from Changsha Chemical Reagents Co. (Changsha, China).
Bovine serum albumin (BSA), goat anti-human IgG, MB, potassium
ferrocyanide, magnesium chloride and potassium chloride were
acquired from commercial vendors. The detection buffer used was
10 mM Tris-HCI (pH7.4, containing 10 mM KCI and 10 mM MgCl,) and
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rinsing buffer was 10 mM Tris-HCl (pH 7.4, with 10 mM KCl, 10 mM
MgCl, and 0.1 M NaCl). All the reagents were used without further
purification and doubly distilled water was used throughout.

2.2. Apparatus

Differential pulse voltammetry (DPV) and cyclic voltammetry(CV)
experiments were carried out on a CHI 760B electrochemical work-
station (Shanghai Chenhua Apparatus Corporation, China). A conven-
tional three electrode system contained a glassy carbon electrode
(GCE) (3.0 mm diameter) as the working electrode, a platinum foil as
the auxiliary electrode and a saturated calomel electrode as the
reference electrode. Scanning electron micrographs (SEM) of nano-
gold-chitosan composite films were taken on a JSM-5600LV micro-
scope (JEOL, Ltd. Japan) with the magnification factor of 60,000,
accelerating voltage of 20 KV and degree of vacuum of 107> torr.

2.3. Procedures

2.3.1. Preparation of the nanogold-chitosan composite film

Prior to surface modification, the GC electrode was polished
sequentially with 0.3 and 0.05 pm alumina powder followed by
ultrasonic cleaning in ethanol and double distilled water. Subse-
quently, the nanogold-chitosan composite film was prepared by
electrochemical deposition. The deposition solution was obtained by
mixing proper proportions of CHIT and HAuCly, and then thoroughly
sonicated until a homogenous mixture was formed. Then, the GCE was
immersed into the mixture and deposited following a potentiostatic
procedure. The applied potential was in the range of -1 to -3 V and
was kept for 2-6 min. After deposition, the electrode was removed
from the solution and dipped into water for a short time, and then the
electrode was dried in air at room temperature overnight.

=0
L

Thrombin

(2) BSA

—( Anti-thrombin antibody

§ wmB

—

—

=0 =z
II

=0 =z
&

|

IS

& on

L I

cRp P TOTErro.

N (2)MB CH

e !

4 - q’%]ﬂ[lﬂ: 1L
X

J_* N

S o
e

womoeeeeee- MB intercalated aptamer

Thrombin

Fig. 1. Schematic representations of the principle for the sensing steps.
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Fig. 2. SEM image of nanogold-chitosan composite film on glassy carbon electrode.

2.3.2. Fabrication of the immunosensor

10 pL diluted glutaraldehyde solution (2.5%) was dropped onto the
nanogold-chitosan derivatized GCE and kept in the fridge (4 °C) for 1 h.
Diluted sheep anti-human thrombin antibody (450 pg/mL) was coupled
onto the surface with the cross-linker glutaraldehyde for 1 hat37 °C. The
unreacted aldehyde was blocked with 2% BSA solution at 37 °C for 1 h,
followed by rinsing with buffer and double distilled water.

2.3.3. Electrochemical detection of thrombin

Fig. 1 illustrates the scheme of the sandwich approach using
antibody and aptamer adopted in this study. Once the recognition
layer was built up, different samples of thrombin solution at various
concentrations was dropped onto the sensor surface, followed by
incubated at 37 °C for 1 h, and then 170 nM heat-treated aptamer was
added and incubated for another hour under the same condition. After
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Fig. 4. Cyclic voltammetric curves of nanogold-chitosan/GCE (a); bare GCE
(b); antibody/nanogold-chitosan/GCE(c). Supporting electrolyte: 10 mM [Fe(CN)s]*>~
containing 0.2 M KCl; Scan rate 100 mV s

each step, the electrode surface was washed with rinsing buffer under
stirring for 10 min. At last, the MB was accumulated on the aptamer by
immersing in 10 mM Tris-HCI buffer containing 20 uM MB for 15 min
under stirring. Unbound MB was removed by washing the electrode
with rinsing buffer for several times. The electrochemical signals were
obtained at room temperature in detection buffer by using DPV with
amplitude of 20 mV and pulse width of 0.05 s.

3. Results and discussion

3.1. Optimization and characterization of the nanogold-chitosan
composite film

In this work, we have yielded a well-behaved surface by depositing
the mixture of CHIT and HAuCl, [29] for antibody immobilization.
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Fig. 3. (a) Effect of CHIT concentration on the sensor to 60 nM thrombin in Tris-HCI buffer. Electrochemical deposition conditions: HAuCl, concentration 250 mg L™, electrochemical
deposition time 240 s, applied potential -2 V; (b) Effect of HAuCl, concentration. Electrochemical deposition conditions: the same as (a) with 0.05% CHIT; (c) Effect of deposition time.
Electrochemical deposition conditions: the same as (b) with 250 mg L™! HAuCly; (d) Effect of applied potential. Electrochemical deposition conditions: the same as (c) with

electrochemical deposition time of 240 s.
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Fig. 5. The electrochemical response of the sensor as a function of KCI (a) and MgCl,
(b) concentration.

During the deposition process, HAuCl, was reduced to gold nanopar-
ticle and simultaneously deposited to the surface of the electrode along
with CHIT. The formed nanogold-chitosan composite film was
characterized by SEM. Fig. 2 demonstrates the SEM image of
nanogold-chitosan surface. It can be seen that there are plenty of
nanopores in the film and most of them are filled with nanoparticles.
The gold nanoparticles are distributed evenly and the diameter of the
particles mostly distributes around 50 nm.

Optimization of the electrochemical deposition conditions was
investigated with respect to different experimental variables. We
considered the factors of the concentration of CHIT and HAuCl, the
deposition time and the applied voltage. Fig. 3(a) depicts the effect of
different concentrations of CHIT. From this Figure, one notices that the
optimum response was obtained with 0.05% CHIT solution. The higher
the concentration of CHIT, the thicker the film formed, leading to the
decrease of the conductivity of the electrode. On the other hand,
insufficient amount of CHIT would result in the unstability of this
composite film. Fig. 3(b) represents the effect of HAuCl,, which can
strongly affect the size and amount of nanoparticles. With the
concentration of HAuCl, increased, the response increases at first
and then reaches the largest signal at the concentration of 250 mg/L.
Concerning the effect of the deposition time and applied voltage, we
chose 4 min and -2 V respectively. From Fig. 3(c, d), one can see that
the maximum signal can be obtained under the above conditions. To
further confirm the conductive property of the composite film, we
performed CV (Fig. 4) on the bare GCE, nanogold-chitosan modified
GCE and antibody linked to the modified GCE. A comparison of these
curves demonstrates that surface properties of the electrode have
been greatly improved with this composite film.

3.2. The influence of ionic strength on aptamer binding to thrombin

Several articles [34-37] have reported that ionic strength would
strongly affect the affinity of aptamer binding to thrombin. Upon aptamer
binding to thrombin, in the presence of K*, Rb%*, Mg?*, Sr** or Ba®*, the
aptamer would incline to fold into stable intramolecular G-quadruplexes
[34], which could facilitate the recognition reaction this aptamer binding
at various concentrations. In our study, we systematically investigated
the effect of K" and Mg?". Fig. 5(a) depicts the effect of different K*
concentrations. Keeping Mg?" at constant concentration (10 mM),
with the increasing amount of K*, the electrochemical response
decreased gradually. This is in accordance to the findings of
Vairamani M et al.. Their studies showed that, in the case of low
amount of K*, the aptamer formed an adduct [37] which was prone
to binding to thrombin. However, the formed adduct existed in
high negatively charged state [37]. In this case, high concentration
of cation K* could shield the negative charges of adducts, which
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Fig. 6. The sensor response to different concentrations of thrombin in Tris-HCl buffer. Amplitude 20 mV, pulse width 0.05 s. The inset plot is the calibration curve of DPV signal vs

logarithm of thrombin concentration.
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Table 1
The DPV response of this sensor to different substances
Blank BSA IgG Thrombin
Concentration (ng mL™!) 0 2x107 10 5
Peak current ( pA) 0.18 0.21 0.22 1.06

probably prevented the approaching of the positively charged MB to
the surface of the electrode. A K* concentration of 10 mM was
selected in our experiment. The effect of divalent ions was also
investigated. Divalent ions were required by aptamer to assemble
into appropriate three-dimensional conformation. In the case of Mg?*
(Fig. 5(b)), a concentration of 10 mM yielded the best response. Lower
concentration resulted in decreasing signal, due to lack of bivalent ions
to maintain the three-dimensional conformation. Similar results were
obtained when excess concentrations of Mg?" (Fig. 5(b)) were used,
showing that the aptamer/thrombin interaction becomes infirm when
the ionic strength is high.

3.3. Electrochemical detection

In this work, the thrombin aptamer used was designed in such a
way that besides the original recognition sequence [38] for thrombin
(in bold face), one section of extra extended 22-base oligonucleotides
connected with one end and another section of 21-base with the other
end of the original sequence (58-mer,5'-GACAGACGATGTGCTGAC-
TACTGGTTGGTGAGGTTGGGTAGTCA GCACATCGT CTGTC-3'). The
extended bases were perfectly complementary to each other to
intercalate the electrochemical active marker MB which was widely
reported to directly intercalate into single and double strand DNA as
an electrochemical active indicator [39-45]. Some article [15] has
reported that MB was reduced to leucomethylene blue at a potential of
-197 mV, proceeding via two electrons and one proton transfers. The
peak potential shifted negatively by around 50 mV after it was
accumulated into DNA [46]. However, MB is positively charged, so it
can nonspecifically bind to protein or the negatively charged DNA.
To circumvent this problem, we blocked the nonspecific site on
antibody with 2% BSA. In addition, we thoroughly rinsed the
electrode with high ionic strength buffer (10 mM Tris-HCl, pH7.4,
containing 10 mM KCl, 10 mM MgCl, and 0.1 M Nacl). Fig. 6 shows
the electrochemical response to different concentrations of throm-
bin. In this Figure, one can see that the peak current signals increase
with the increase of thrombin concentration. Linear relationship
between the peak current and the thrombin concentration was
observed in the range of 1-60 nM with a correlation factor 0.996.
The regression equation is y=8.27x+0.98 (here, x is the logarithmic
concentration of thrombin (nM) and y is the response peak current)
and the detection limit of this sensor system was 0.5 nM.

In order to confirm the specificity of this sensor, control
experiments were performed under the optimized experimental
conditions. Table 1 shows the peak current responses upon exposure
to blank, goat anti-human IgG, BSA and thrombin. The blank response
current was around 0.18 pA. A comparison of the response currents
shows that this sensor had good recognition selectivity.

4. Conclusions

A modified methodology for electrochemical protein detection in
sandwich manner has been developed, utilizing antibody and aptamer
as the sandwich elements and MB as the electrochemical active
marker. The thrombin was used as the model analyte to demonstrate
the feasibility of the proposed methodology as a proof of concept.
Having combined both of the specificity of antibody and aptamer, high
selectivity of thrombin detection has been achieved. The proposed
method can provide an alternative tool for detection of various protein
targets.
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Changes of the intracellular Ca** content in human red blood cells (RBCs) in glycerol-containing solutions and
after freeze-thawing the cells with glycerol and subsequent deglycerolization were investigated with the Ca®*-
sensitive fluorescent dye fluo-4 using fluorescence microscopy. In the glycerol-containing solutions the Ca?*
content increased when compared with a physiological medium (Hepes buffered saline solution (HBSS)). This
effect was most likely a result of an inhibition of the Ca%* pump. After inhibiting the Ca?* pump using o-vanadate,
the Ca?* uptake was not significantly different in the cells in glycerol-containing and physiological medium.
Freeze-thawing and deglycerolization of RBCs resulted in a more pronounced increase in the Ca?* content. Also in
this case, the Ca?* pump seemed to play a major role.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The elevation in the intracellular free Ca?* content and modifica-
tion of the Ca®* pump activity can play an important role in the cellular
metabolic transformations underlying adaptation against stress
conditions. Such conditions arise, for example, during cooling down
to ultralow temperature (-196 °C) and long-term storage of red blood
cells (RBCs) in blood banks. Glycerol is one of the most effective
compounds used for cell protection against extreme physical and
chemical insults during the freeze-thawing processes [1,2]. Incuba-
tion of RBCs in hypertonic solutions of glycerol results in changes of
cell shape and volume that can induce alterations in the cell
membrane permeability for cations including Ca?* [3] and alteration
of enzyme activity of the Ca%* pump [4].

Human RBCs do not have intracellular Ca?* stores and also lack a cell
membrane Na*/Ca®*-exchanger. Hence, for human RBCs, the intracel-
lular Ca?* concentration depends on the balance of the Ca?* influx and
efflux across the cell membrane. The Ca?* efflux is realized by the Ca%*
pump, the only high affinity Ca®* transporting system by which Ca®*
can be removed from cells [5]. Under osmotic stress and cooling an
increase of the intracellular Ca%* content in RBCs can be caused by
several ways. One possibility would be the activation of specific or
nonspecific cation channels. This could lead to an increase of the

* Corresponding author. Institute for Problems of Cryobiology and Cryomedicine of
National Academy of Sciences of Ukraine, Pereyaslavskaya str.23, 61015 Kharkiv,
Ukraine. Tel.: +38 050 969 3673; fax: +38 057 775 3693.
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intracellular Ca®" concentration under in vitro conditions even when
Ca?*is notincluded as a component in the extracellular medium. Trace
amounts of Ca%*, i.e. up to 10°°-107> M are always present in salt
solutions as an admixture [6]. Another possibility relates to modifica-
tions of the Ca%* pump activity.

During freeze-thawing RBCs a variety of factors influence the cells in
spite of glycerol protection and therefore, these factors could influence
the cell membrane structure and properties. As a consequence ion
transport pathways and barrier properties of the membrane could be
affected.

The aim of the investigation was to study how the incubation of RBCs
with the cryoprotectant glycerol and the process of cell deglycerolization
after freeze-thawing influence the intracellular Ca®* content. To monitor
the Ca®* content, the Ca®*-sensitive fluorescence dye fluo-4 was used.
For measuring the Ca?* uptake, o-vanadate has been applied to inhibit
the Ca®* pump.

2. Materials and methods
2.1. Blood and solutions

Blood was used from healthy human donors and obtained from the
blood bank of the University Hospital of the Saarland University
(Homburg). Blood was drawn in CPDA medium and RBCs were separated
by centrifugation (1200 g, 5 min) at room temperature. The cells were
washed 3-4 times with a sodium chloride-based physiological solution
containing (mM): NaCl 150, glucose 10, Tris-(hydroxymethyl)amino-
methane (Tris) 10 titrated with HCl to pH 7.4 at room temperature.
Plasma and buffy coat were aspirated.
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Fig. 1. Fluorescence intensity of RBCs labeled with fluo-4. Curves 1 and 3: cells in HBSS
in the absence (1) and presence (3) of o-vanadate, curves 2 and 4: cells in glycerol-
containing solution in the absence (2) and presence (4) of o-vanadate. Ortho-vanadate
(1072 M) was present to inhibit the Ca®*-pump. Each curve presents the average
fluorescence intensity of 240 RBCs from 6 donors.

2.2. Freezing and deglycerolization

The freezing was performed as described in [7] with some
modifications. The cryoprotective solution contained 3.25 M glycerol,
220 mM mannitol, and 120 mM NaCl. The glycerol-containing medium
was added to RBCs in a 1:1 volume ratio. The incubation time was
20 min. Then the RBC suspension was frozen by immersion into liquid
nitrogen (temperature —196 °C). The thawing was carried out in water
bath at 42 °C with permanent shaking. Frozen-thawed RBCs were
centrifuged 3 times at 1200 g to separate the cells from glycerol. For the
first centrifugation glycerol was replaced by 600 mM NaCl, for the
second and third centrifugation the physiological solution containing
150 mM Nacl has been used.

2.3. Measurement of the intracellular free Ca®* concentration

Intracellular free Ca®* levels of single cells were monitored using an
inverted fluorescence microscope (Nikon) and the Ca'-sensitive
fluorescent dye fluo-4 AM (4 uM). This indicator has a high affinity
binding for Ca®* (K4=345 nM) and a very large fluorescence intensity
increase in response to Ca%* binding (> 100 fold). The application of fluo-
4 for Ca?* measurements in intact RBCs has been reported by our group
elsewhere [8]. Aliquots of fluo-4 AM were mixed with Pluronic F-127
(20% DMSO in H,0) and prepared to give a final concentration of 1 M
(stock solution). The non-ionic detergent was used to assist in dispersion
of the non-polar AM ester in aqueous media. Washed RBCs (1%
haematocrit) were incubated with the fluo-4 AM for 45 min at 37 °C
in the dark. Cells were then washed in HEPES/NaOH-buffered saline
solution (HBSS) containing (mM) NaCl 145, KCl 7.5, 10 HEPES, pH 7.4 to
remove any dye and were re-suspended (0.015% haematocrit) in the
same medium. In some experiments when RBCs were incubated in the
presence of glycerol or pretreated with ortho-vanadate (o-vanadate,
final concentration 1 mM) the corresponding substances were present
in the loading media. Finally, an aliquot of stock solution was added to
give a final CaCl, concentration of 2 mM.

2.4. Reagents

All chemicals used (except the chemicals mentioned below) were
purchased from Sigma-Aldrich (Munich, Germany). Tris and EGTA
were obtained from Fluka (Buchs, Switzerland), fluo-4 AM was
obtained from Molecular Probes (USA).

2.5. Statistical treatment of results

Each curve presented in the figures represents the mean value of at
least 240 single RBCs of 6 different donors. The significance of
differences was tested by ANOVA according to Student's t-test.
Differences were considered significant if p<0.05.

3. Results

To see whether the presence of glycerol (and mannitol) in the medium
has any influence on the Ca®* content in the RBCs, experiments have been
performed in the HBSS as well as in the glycerol-containing medium. In
both solutions the change of the Ca?* content was measured in the
absence or presence of 1 mM o-vanadate, an inhibitor of the Ca?* pump,
over a time interval of 30 min. Fluo-4 has been used for qualitative
determinations of the Ca®* content. It should be noticed that a time period
of about 2-5 min was necessary to let the cells settle down to the cover
slip surface and to start the experiment. As shown in Fig. 1 in the HBSS in
the absence of 0-vanadate the fluorescence intensity of fluo-4, i.e. the Ca®*
content, was very low but constant over 30 min (curve 1). In the presence
of 0-vanadate in the HBSS a continuous increase in the Ca?* content was
observed. The Ca®* content was significantly higher in the presence of o-
vanadate in comparison to the situation where the substance was absent
(curve 3). The fluorescence intensity of fluo-4 in the presence of glycerol
was represented in curves 2 and 4. In the glycerol-containing solution in
the absence of 0-vanadate an increase of the Ca?* content could be seen
during the first 10 min of the experiment (curve 2). The Ca%* content was
higher than in the control (cp. curves 1 and 2). The presence of o-vanadate
in the glycerol-containing solutions resulted in continuous increase of
fluorescence intensity of fluo-4 as well as the control in HBSS when Ca®*
pump was inhibited (cp. curves 3 and 4).

After freeze-thawing of RBCs in the glycerol-containing solution
and the following removal of the cryoprotectant, the fluo-4 fluores-
cence intensities in the presence or absence of o-vanadate were
significantly higher in comparison with the corresponding fluores-
cence intensities in the HBSS and in the glycerol-containing solutions
without freezing the cells (cp. Figs. 2 and 3). After cryopreservation the
Ca?* content was more or less constant over 30 min in the absence of
o-vanadate (Fig. 2, curve 1) but increased continuously in the presence
of o-vanadate (Fig. 2, curve 2) similarly as for unfrozen cells in HBSS
and glycerol-containing solution.

In Fig. 3 fluorescence microscopy images of RBCs incubated under
different conditions, as shown in Figs. 1 and 2, are presented. The
images were taken after the 30 min fluorescence intensity recordings.

4. Discussion

During freeze-thawing any cells are exposed to a number of stress
factors [9,10]. The transition from the liquid phase to the solid state is
coupled to processes of crystal formation [11] leading to an increase in
salt concentration in the supercooled liquid [12,13], an increase in
osmotic pressure [14], phase transitions and the lateral separation of
membrane lipids as well as dehydration of macromolecules [15,16].
The application of organic compounds for cryopreservation is required
to protect cells against the extreme events that accompany the freeze-
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Fig. 2. Fluorescence intensity of RBCs labeled with fluo-4. Cells in HBSS in the absence
(curve 1) or presence (curve 2) of o-vanadate (107> M) after cryopreservation and
deglycerolization. Each curve presents the average fluorescence intensity of 240 RBCs
from 6 donors.
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Fig. 3. Fluorescence microscopy images of RBCs in 0-vanadate-containing and o-vanadate-free media. A and B: cells in HBSS in the absence (A) or presence (B) of 0-vanadate, C and D:
cells in glycerol-containing medium in the absence (C) or presence (D) of o-vanadate, E and F: cells in HBSS after cryopreservation and deglycerolization in the absence (E) or presence

(F) of 0-vanadate. The concentration of o-vanadate was 10> M.

thawing processes. Determining changes of the intracellular Ca®*
content in response to added cryoprotectants and physical and
chemical factors affected by freeze-thawing can be useful to under-
stand how cell stabilization is achieved.

The control experiment (HBSS without o-vanadate) clearly showed
that the intracellular Ca®* content was constant over 30 min, i.e. the Ca®*
pump is intact (Fig. 1, curve 1). The slight increase of the Ca* content in
the glycerol-containing medium in the absence of 0-vanadate, especially
at the beginning of the experiment (Fig. 1, curve 2), can be explained in
the following ways: (i) the Ca?* pump was affected in this solution and
could not fully operate and/or (ii) an enhanced Ca®* uptake was induced
which could not be compensated by the pump. In any case, the curves
are significantly different. Since the addition of 0-vanadate did not show
a significant difference of the data obtained in HBSS and glycerol-
containing solutions (Fig. 1, curves 3 and 4), it seems more likely that
glycerol in the absence of o-vanadate affected the Ca®* pump (see
above).

Freeze-thawing RBCs with glycerol and subsequent deglyceroliza-
tion induced an increase in the fluorescence intensity (Fig. 2) in
comparison with control cells (Fig. 1) indicating a rise in intracellular
Ca?" levels. This increase of the Ca* levels in the cells could be again a
result of (i) a reduction of the Ca®* pump activity and/or (ii) an
enhancement of the Ca®* influx into the cells. However, it can be seen
from Fig. 2 (curve 1) that the Ca®** pump is still active and not
completely blocked after cryopreservation. In addition, enhanced
phosphatase activity of the Ca%*-ATPase has been shown in saponin-
permeabilized RBCs after freeze-thawing and deglycerolization [4].
After freeze-thawing RBCs with glycerol and under the condition that
the Ca** pump was inhibited using o-vanadate, an increase of the
intracellular Ca®* content was observed, which was comparable to the
increase under control conditions. Therefore, it is reasonable to
assume that during storage of the cells in the cold the membrane
function was compromised, which led to an uptake of Ca®* that could
not be compensated by the Ca?* pump. Since trace amounts of Ca®* are
present during freeze-thawing (even when Ca®* was not added to the
extracellular solution, see Introduction), the Ca* uptake might occur
during this process. During cryopreservation, i.e. at low temperature,
the Ca%* pump activity is close to zero. At the time the fluorescence
intensity was measured it can be assumed that the Ca®>* pump was

again fully operating. The changes in the Ca®>* content in RBCs in the
glycerol-containing solution and after freeze-thawing were, however,
smaller than those reported to be necessary to cause cell damage. This
assumption is supported by the successful application of cryopre-
served RBCs for transfusion [17].

Summarizing the results, we demonstrated that glycerol had only a
small effect on the Ca?* content of RBCs. Freeze-thawing RBCs with
glycerol and subsequent deglycerolization resulted in an increase of
the intracellular Ca®* content that could be related to compromising
permeability properties of the plasma membrane and/or change in the
Ca* pump activity under these conditions.
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Abstract

The changes in passive ion permeability of the red blood cell membrane after peroxynitrite action (3 uM—3 mM) have been studied by
biophysical (using radioisotopes of rubidium, sodium and sulphur (sulphate)) and electrophysiological methods. The enhancement of passive
membrane permeability to cations (potassium and sodium ions) and the inhibition of anion flux through the anion exchanger in peroxynitrite-
treated red blood cells were revealed. In patch-clamp experiments the whole-cell conductance after peroxynitrite (80 uM) treatment of red blood
cells increased 3—3.5-fold with a shift in the reversal potential from —7.0+1.5 mV to —4.3+£0.9 mV (n=7, p=0.005). The addition of cobalt and
nickel ions to red blood cell suspensions before peroxynitrite treatment had no effect on the peroxynitrite-induced cation flux but zinc ions in the
same condition decreased cation flux about 2-fold. Using atomic force microscopy methods we revealed an increase in red blood cell membrane
stiffness and the membrane skeleton complexity after peroxynitrite action. We conclude that the peroxynitrite-induced water and ion imbalance

and reorganization in membrane structure lead to crenation of red blood cells.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Peroxynitrite; Red blood cell; Passive cation and anion transport; Membrane reorganization; Atomic force microscopy

1. Introduction

Peroxynitrite is formed during many pathological processes in
the human organism such as ischemia, inflammation, neurode-
generative diseases, and diabetes [1-5]. Peroxynitrite, alongside
other reactive oxygen species (ROS), affects the ion permeability
of'the cell membrane, which appears to be an important element of
the mechanisms of cellular functions [6,7]. Peroxynitrite not only
oxidizes lipids, nucleic acids, protein SH-groups but also nitrites
aromatic amino acid residues of proteins [5,8]. The properties of
peroxynitrite provide many opportunities for regulating cellular
ion transport system activity—both directly through protein
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structure modification and indirectly with participation of various
regulatory factors [8—11].

Peroxynitrite is either peroxynitrous acid (HOONO) or the
peroxynitrite anion (ONOO ", pK,=6.8 at 37 °C). Peroxynitrite
can be synthesized in reactions with the participation of pairs—
either NO/"O, or HNO,/H,05 [5,12]. The ONOO " anion is rel-
atively stable, while HOONO decays rapidly. At physiological
pH, the apparent half-life of peroxynitrite is about 1 s. For-
mation of a reactive intermediate with CO, (ONOOCO,)
leads to a decrease in the half-life of peroxynitrite (0.5-3 ms)
[5]. Red blood cells (RBCs) are considered as a major ‘sink’ of
‘NO/NO; in human blood [13,14]. Recently it was discovered
that the RBCs could express a functional endothelial nitric
oxide synthase [15], so that under certain conditions RBCs
can produce peroxynitrite itself. Moreover RBCs can be ex-
posed to exogenous peroxynitrite generated by other cells.
Many events that occurred in RBCs or with RBC compo-
nents under peroxynitrite action have already been studied.
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They include haemoglobin oxidation, inactivation of RBC
enzymes, changes in active and passive ion transports, in
membrane skeleton component state and so on [7,16-24].
Herein, we investigate the changes in passive ionic permeability
of RBC membrane after peroxynitrite action and the structural
changes in RBC membrane and membrane skeleton.

2. Materials and methods
2.1. Peroxynitrite synthesis

Peroxynitrite was synthesized using the methods described
by Beckman et al. with some modifications [12]. Briefly, an ice-
cold, flowing solution of 1.2 M NaNO, was entrained with an
equal volume of 1.2 M H,0, acidified by 0.6 M HNOs, and the
resultant mixture then dripped into a solution of NaOH (at a
final concentration of 0.5 M). The solution was filtered through
granular MnO, and frozen at —20 °C for up to a week. The final
concentration of peroxynitrite was determined by absorbance
at 302 nm in 1 M NaOH (€302 nm=1670 M~ ' cm™ ') with a
spectrophotometer. An inactive control solution containing
decomposed peroxynitrite was produced when NaOH was
added to the mixture of NaNO, and H,O, after a 30 min delay
period.

2.2. Blood samples

Blood samples were obtained by venepuncture of healthy
donors, with permission under ethical consent, and collected
into heparinized syringes. Samples were kept at 4 °C until use
within 72 h. The blood was washed three times by centrifuga-
tion (2000 g; 10 min) in appropriate buffered saline solution.
Plasma and buffy coat were removed by aspiration. Haematocrit
was measured by the cyanomethemoglobin method. The ATP
level in RBCs was measured by using Micro Beta chemilu-
minometer and ATP light kit (Perkin Elmer). The ATP con-
centration of normal RBCs was 1.3+£0.1 mM (n=6).

2.3. Ion influx measurements

For flux experiments peroxynitrite was added to the RBC
suspension in buffered saline 10 min before both radioisotope-
containing solution injection and the addition of the inhibitors
of transport systems.

K" influx in RBCs was determined at 37 °C using **Rb" as a
congener, added in KNOj to give a final K* concentration of
7.5 mM [25]. Before K" influx measurement cells were in-
cubated with a buffer solution containing 10 mM glucose and
10 mM inosine for 1 h at 37 °C and washed 3 times with buffer
solution without sucrose and inosine. For *Rb" flux experi-
ments phosphate buffered saline was used (PBS) (in mM): NaCl
(100), Na,HPO,/NaH,PO, (50), pH 7.4 at 37 °C. In chloride-
free experiments nitrate PBS was used in which the chloride was
replaced by nitrate (NaNOs). 100 pM Ouabain, 10 pM
bumetanide and 10 uM clotrimazole (Sigma Chemical Corp.)
were present in the solutions during all flux experiments.
4,4’-Diisothiocyanato-2,2’-stilbene-disulphonic acid (DIDS)

(100 uM), ZnCl, (100 pM), NiCl, (100 M), CoCl, (100 pM)
(Sigma Chemical Corp.) were added to the RBC suspension
before peroxynitrite injection and **Rb* addition. p-Chlor-
omercuribenzene sulfonate (pCMBS) (I mM), tetracthylam-
monium chloride (TEA) (3,5 mM), tolbutamide (200 pM),
6-chloro-9-[(4-diethylamino)-1-methyl-buthyl]amino-2-
methoxyacridine dihydrochloride (quinacrine) (100 uM) (Sigma
Chemical Corp.) were added to the RBC suspension after per-
oxynitrite but before **Rb" addition. K* influxes are expressed
in standard units of mmoles K'/I cellsh or relative units as a
ratio of K* influx under the test conditions compared to K"
influx of peroxynitrite-treated cells.

Na" influx in RBC was determined at 37 °C. **Na” was
diluted in NaNOj to give a final Na* concentration of 150 mM
and a radioactivity of 0.1 pnCi/ml cell suspension. Protocol fol-
lowed that for K™ influx measurement.

Anion influx into RBCs through anion exchanger (AEl)
was estimated at 30 °C using *>SO3 to give a final sulphate
concentration of 4 mM in a RBC suspension of 20% Hct. For
33807 flux experiments citrate buffer saline was used (in mM):
Na3zC¢Hs0, (84), EGTA (1), pH 6.5 at 37 °C. After 5 min
incubation of 100 pl of RBC suspension with *>SO3™~ 10 pl of
40 uM DIDS solution was added to stop the anion influx.

2.4. Electrophysiology

Membrane currents were recorded using whole-cell con-
figurations. Patch pipettes (tip resistances 10—13 M{)) were
prepared from borosilicate glass capillaries pulled and pol-
ished on a Werner Zeitz DMZ programmable puller (Augsburg,
Germany). The bath solution contained (mM): MOPS (or
HEPES) (10), NaCl (145), CaCl, (5) at pH 7.4. The pipette
solution was a high-potassium solution. The ruptured patch
whole-cell voltage-clamp configuration was used to record mem-
brane currents. RBC membrane seals (>2 G{)) were obtained by
the application of suction to the pipette (1-2 kPa) followed by the
imposition of a negative pipette potential (—5 to —30 mV). Cell
rupture was attained by a short burst of strong suction and the
configuration was assessed by a decrease in access resistance
and the development of a small capacitance transient. Whole-cell
currents were recorded using an Axopatch 200A amplifier, with
voltage command protocols generated and the currents were
analyzed using the pCLAMP software suite (Version 8, Axon
Instruments Inc., USA). Whole-cell /-V curves were obtained by
evoking a series of test potentials from —100 to +100 mV in
10 mV steps for 300 or 500 ms from a holding potential of 0 or
—10 mV. Membrane slope-conductance (g) at positive and
negative potentials were estimated by calculating the averaged
gradient of I~V curves in the ranges of 30—80 mV ( for g,) and
(—30)-(—80) mV (for g_), and also at —10 mV (which approx-
imates to erythrocyte resting membrane potential). For patch-
clamp experiments peroxynitrite was added as a bolus (an aliquot
of concentrate solution) to the bath after reaching the seal and
recording currents of normal RBC state. Haematocrit of red
blood cell suspension was approximately 0.001%. All experi-
ments were performed at room temperature. In all cases, n de-
notes the number of cells tested.
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Fig. 1. The effect of peroxynitrite on K"(A) and Na“(B) influx in red blood cells.
Na'and K" influxes in RBC were measured at 37 °C for 10 min using cor-
respondingly *’Na’ and *°Rb" as a congener of K. Peroxynitrite concentra-
tion was 1 mM, K" concentration was 7.5 mM. The haematocrit of RBC
suspension was 5%, pH 7.4. The symbols, boxes and whisker represent median
values, 25%—75% percentile boundaries, minimal and maximal values. n=9.

2.5. Atomic force microscopy of RBC surface and analysis of
atomic force microscopy results

For atomic force microscopy (AFM) investigations perox-
ynitrite was added to whole blood (pH=7.4+0.2, Hct=41+3%,
n=38) as a bolus (an aliquot of concentrate solution). RBCs were
fixed with 1% glutaraldehyde in PBS at room temperature,
washed firstly by phosphate buffer 3 times, then by distilled
water 3 times. RBCs were placed on a glass base plate for
further study of their surface by using the contact AFM mode.
AFM scanning was performed with atomic force microscope
“NT-206” (MicroTestMachines Co., Belarus) using standard
AFM tips (CSC38 and NSC11) (MikroMasch). Topography and
torsion images were recorded. After analyzing the field of the
size of 8 x8 um?” a small part of RBC surface of 1x 1 pm?* was
analyzed. The scanning step did not exceed 2 nm that permitted
the observation of fine features of the RBC surface. Observation
was carried out in air at room temperature. Changes in torsion
angle (lateral force maps) provide evidence of the alteration in
composition or mechanical properties of the surface and sub-
surface layers. The lateral force map of fixed RBC surface
perfectly reflects the underlining membrane skeleton structure.
We used some image filters to contrast the membrane skeleton
structure image. The fractal dimension of the lateral force map
(Dy) of size of 1 x 1 pm? was used for quantitative evaluation of
the complexity of the skeleton structure. The fractal dimension
was calculated with the area-perimeter method based on the
correlation law between perimeter (L) and area (4) for islands
(or lakes) on the analyzed surface [26]: L ocAPr=1)/2,

Two hundred “levels” between the minimal and maximal
vertical heights in the image were used. The fractal dimension
was calculated from the least-square linear regression line in
a log—log plot of the perimeter versus area with the program
“SurfaceXplore 1.3.11” (MicroTestMachines Co., Belarus).
Apparent elastic modulus of RBC surface layers was estimated
from the dependence of AFM cantilever deflection on the tip
indentation depth using Hertz’s model.

2.6. Statistics

The fit of data distribution to a normal distribution was
checked by Shapiro—Wilk’s W test. The normally distributed
data are represented as the limits of confidence interval (CI) and
the number () of the experiments. The data that were not in
accord with normal distribution are represented in the figures as
a median, 25% and 75% percentile boundaries, maximal and
minimal values, and the number (n) of the experiments. The
comparisons between the samples were carried out by using
either two-tailed Student ¢ test or Wilcoxon matched test.

3. Results

3.1. Peroxynitrite increases passive cation permeability of the
RBC membrane

Peroxynitrite treatment of RBCs leads to an increase in both
potassium ion influx and sodium ion influx (Fig. 1). The effect of
peroxynitrite on cation flux through the RBC membrane depends
on the level of haematocrit present in the RBC suspension. The
peroxynitrite-induced K™ and Na'-influxes both increase with
decreasing haematocrit in the RBC suspension. At the same time
the ATP level decreases after peroxynitrite treatment of the RBCs
(Fig. 2), but this is not the explanation for the peroxynitrite effects
since ATP repletion with glucose/inosine did not alter the re-
sponse to peroxynitrite (data not shown).

3.2. The interaction of anion exchanger with peroxynitrite

There are two known ways for peroxynitrite to penetrate the
RBC membrane. They are (i) transport of peroxynitrite anion
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Fig. 2. The effect of peroxynitrite on relative ATP levels in red blood cells. The
ATP level in RBCs was measured by using Micro Beta chemiluminometer and
ATP light kit (Perkin Elmer). The haematocrit of RBC suspension was 5%. The
findings are represented as the limits of confidence interval (n=4-8).
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Fig. 3. The effect of peroxynitrite on anion exchanger (AEl) activity and
oxyhemoglobin (HbO,) level in red blood cells. Anion influx into RBCs through
AEl was estimated at 30 °C using *°SO3  in citrate buffer, pH 6.5. The
haematocrit of RBC suspension was 20%. Haemoglobin concentration was
measured in haemolysates by spectrophotometry (ODs,4;, ODg30). The findings
are represented as the limits of confidence interval (n=4-8).

through AE1 and, (ii) simple diffusion of peroxynitrous acid
through the lipid bilayer. Denicola and colleagues showed there
was a 50% decrease in intracellular methaemoglobin level when
RBCs were treated with 300 uM peroxynitrite and an inhibitor
of AEl (DIDS, 100 puM) (Hct<0.5%, pH 6.8) [22]. The
influence of DIDS on the ability of peroxynitrite to induce K-
influx in RBCs was thus examined. DIDS was found to inhibit
peroxynitrite-induced K -influx in RBCs (Hct 5%) in a dose-
dependent manner. 100 uM DIDS decreased peroxynitrite-
induced K "-influx (1 mM) by 2.5-fold. In addition, our findings
also demonstrate that peroxynitrite can inhibit the activity of
AEI dose-dependently (Fig. 3). Peroxynitrite (1 mM) decreases
anion flux in RBCs (Hct 20%, pH 6.5) about 2-fold.
Unfortunately, the inhibition of AEl by peroxynitrite is
observed at concentrations higher than needed for complete
haemoglobin oxidation (Fig. 3). Haemoglobin is known to be an
important enhancer of peroxynitrite action on RBCs due to its
reaction with peroxynitrite in which a number of other ROS are
produced [24].

3.3. The interaction between transition metal ions and
peroxynitrite-induced cation influx in RBCs

The transition metal ions catalyze the oxidation reactions
with the participation of ROS either themselves or in complexes
like haem [27-29]. Iron, copper, cobalt, and nickel ions initiate
the cascade of lipid peroxidation in the Fenton reaction with the
participation of OH-radicals. OH-radical is one from the
products of peroxynitrite transformation in cells [5]. The action
of Co?" and Ni*" ions on the ability of peroxynitrite to enhance
the cation flux into RBCs was therefore looked at. Co®" and Ni?
" ions were introduced into the reactive solutions 5 min before
peroxynitrite addition. Neither Co®" nor Ni** ions have an in-
fluence on the level of peroxynitrite-induced K* influx into
RBCs (Fig. 4, A). The ability of zinc ions to influence the
oxidative processes induced by peroxynitrite in RBCs was also
examined. Zn>" ions are considered to be an antioxidant in
different oxidative processes [27]. Zinc can protect the pro-
tein sulphydryls against oxidation and reduce the formation of

OH-radicals from H,0, through the antagonism of redox-active
transition metals [30]. The effect of Zn>" ions on the ability of
peroxynitrite to enhance the cation flux into RBCs strongly
depends on individual donors. In general, Zn*" ions can pro-
tect RBCs against peroxynitrite-induced cation flux (Fig. 4, B).
Zn*" ion is also a known inhibitor of RBC cation channels and
could also be acting by inhibiting cation uptake directly [31].

3.4. The effect of peroxynitrite on whole-cell current in RBCs

Whole-cell currents were recorded in response to voltage
steps with MOPS-buffered saline in the bath and high-K"
solution in the recording pipette. The seal resistance was 3.2+
1.9 GQ (CI, n=38) and the series resistance was 10.8+0.8 M{)
(CI, n=8). Under the control conditions RBCs displayed an
outward current with the membrane current reversing polarity at
the potential £,.=—7.0+1.5 mV (CI, n=7). Membrane slope-
conductance (g) at positive and negative potentials was g,=
1573+£532 pS and g-=1170+£476 pS (CI, n=38) respectively.
Membrane conductance at —10 mV was 401+316 pS (CI,
n=8). Membrane slope-conductance at positive potential and
membrane conductance at —10 mV were in general agreement
with the normal RBC membrane conductance values estimated
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Fig. 4. The effect of cobalt, nickel (A) and zinc ions (B) on 1 mM peroxynitrite-
induced K" influx in red blood cells. A: The haematocrit of RBC suspension was
2.1+£0.8%, pH 7.4. n=18 (3 donors). *p>0.1 vs. ONOO ™ sample (Wilcoxon
test) (N. S.). B: The haematocrit of RBC suspension was 3.7+0.8%, pH 7.4.
n=53 (11 donors). **p<0.001 vs. control, ***p=0.001 vs. ONOO™ sample
(Wilcoxon test). The symbols, boxes and whisker represent median values,
25%—75% percentile boundaries, minimal and maximal values.
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Fig. 5. The effect of peroxynitrite on whole-cell current in red blood cells.
Current—voltage (/-V) relationships are plotted for currents sequentially
recorded immediately after pipette break-in (circles, #=38), 10 min after addition
of 80 uM peroxynitrite (squares, CI, n=8) or 10 min after addition of 80 uM
decomposed peroxynitrite (triangles, CI, n=3). Bath solution was MOPS-
buffered solution, pH 7.4, and pipette contained high-K" solution.

by Browning with coworkers, but membrane slope-conductance
negative potential in our experiments was a little higher than the
conductance estimated by them [31].

The RBCs treated by peroxynitrite before a patch-clamp
experiment did not make good seals. The maximal seal re-
sistance achieved was only 700—800 M(). To test the effect of
peroxynitrite on whole-cell current the following protocol was
used. Whole-cell seals were made on control cells then an
80 uM peroxynitrite was added to the bath. The current was
recorded immediately after peroxynitrite injection and at an
additional time interval, usually 10 min.

Peroxynitrite changes both inward and outward ionic cur-
rents through the RBC membrane (Fig. 5). Membrane con-
ductance after 10 min peroxynitrite treatment increases 3—3.5-
fold (g.=4147+508 pS, g-=3262+376 pS and g(—10 mV)=
18174497 pS (CI, n=8)). The difference between currents of
normal RBCs and of RBCs treated with decomposed perox-
ynitrite was not statistically significant (¢ test, p>0.05). The
whole-cell I-V relation for peroxynitrite-treated erythrocytes
showed a reversal potential at —4.3+0.9 mV (CI, n=7, p=
0.005 vs. control).
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Fig. 6. The effect of peroxynitrite on CI”-independent K" influx in red blood cells.
The haematocrit of red blood cell suspension was 4.3 +0.6%, pH 7.4. The symbols,
boxes and whisker represent median values, 25%—75% percentile boundaries,
minimal and maximal values. n=6-36. *p<0.05 vs. control, ** p<0.01 vs.
control, **¥p<0.0001 vs. control (Wilcoxon test).

Table 1
The effect of inhibitors of several transport systems on peroxynitrite-induced K
flux into red blood cell

Model Types of inhibited Ratio between K" flux
transport systems and peroxynitrite-induced
K" flux, rel. units
Peroxynitrite - 1.00+0.10
Peroxynitrite+ 100 pM K'/H" exchanger, 1.24+0.06*
quinacrine nonspecific
Peroxynitrite +200 pM Karp channel 0.80+0.07*
tolbutamide
Peroxynitrite+ 1 mM Water channel, 6.82+0.05*
pCMBS nonspecific
Peroxynitrite +3.5 mM Cation channel, 2.884+0.12*
TEA nonspecific

The data are represented as the limits of confidence interval (CI, n=4-10).
*p<0.001 vs. ONOO™ sample (two-tailed Student ¢ test). The concentration of
peroxynitrite is 1.07+0.09 mM. The haematocrit of RBC suspension was 5%,
PBS, pH 7.4, 37 °C.

In the majority of cases, under the experimental conditions
applied, the peroxynitrite treatment leads to consecutive loss of
a seal (or haemolysis). This phenomenon can be caused by the
disorder of the membrane structure under the peroxynitrite
action that leads to the change of mechanical properties of the
RBC membrane as a whole [23]. Before each loss of seal an
enhanced ionic current was observed. The typical kinetic curve
of ionic current at certain voltage steps was an exponential
function (data not shown). Lower peroxynitrite concentrations
also produce the disturbance in ionic current to a smaller extent
and the effect is additive. Substituting K" ions in the recording
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Fig. 7. The effect of peroxynitrite on red blood cell membrane skeleton struc-
ture. Bottom panel shows the fractal dimension of the lateral force maps of
peroxynitrite-treated RBCs. Top panel represents the typical contrasted lateral
force maps of control RBCs (a) and peroxynitrite-treated RBCs (b). The size of
RBC areas is 1 x 1 um”. The arrows on the bottom panel show the peroxynitrite
concentration ranges for the corresponding images of top panel. The findings are
represented as the limits of confidence interval (n=11-16). *p<0.05 and
**p<0.01 vs. control (two-tailed Student 7 test).
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Fig. 8. Topography of red blood cells: discocytes (a), peroxynitrite-crenated cells of I type (b) and II type (c). RBCs were treated with peroxynitrite in whole blood
(pH 7.4+0.2), fixed with glutaraldehyde, washed and dried. The tip CSC38 was used for AFM scanning of the RBC surface in contact mode.

pipette for non-permeable NMDG" ions decreases the perox-
ynitrite-induced ionic current.

3.5. The CI -independent K* flux induced by peroxynitrite
action on RBCs

Peroxynitrite-induced K™ influx into RBCs can be con-
ventionally divided into Cl -dependent and Cl -independent
K" influx [7]. We revealed that Cl -dependent K" influx
(determined by the activity of K'—CI1~ cotransporter) developed
at low peroxynitrite concentrations while C1 -independent K"
influx became apparent at peroxynitrite concentrations higher
than about 200 pM. Cl-independent K* influx in RBCs
increases with increasing peroxynitrite concentration (Fig. 6).

The nature of the C1 -independent peroxynitrite-induced K"
influx is still unclear. The effect of several inhibitors of K"
transport systems on the peroxynitrite-induced K* influx into
RBCs was examined. In our experiments, K™ influx was mea-
sured in the presence of three inhibitors: ouabain (an inhibitor of
Na'/K" ATPase), bumetanide (an inhibitor of NaKCl, cotran-
sporter) and clotrimazole (an inhibitor of Ca®"-activated K"
channels). In addition, pCMBS (a non-specific inhibitor of
water channels), TEA (a non-specific inhibitor of cation and
water channels), quinacrine (a non-specific regulator of cation
transporters) and tolbutamide (an inhibitor of Krp channels)
were used [32-34]. The findings are summarized in Table 1.
TEA, pCMBS and quinacrine further enhance the cation influx
in RBCs while tolbutamide partially (approximately by 20%)
inhibits it.

Table 2

3.6. The effect of peroxynitrite on RBC membrane skeleton
structure

AFM study of the membrane and submembrane layers of
single RBCs after treatment with peroxynitrite was performed.
Analyzing together the topography and the lateral force maps of
untreated and peroxynitrite-treated RBCs we observed changes
in RBC submembrane structure. We revealed that the lateral
force maps of fixed RBCs mirror the structure of membrane
skeleton and additional application of image filters enhances the
contrast of the images. The typical contrasted lateral force maps
of the surfaces of untreated (control) and peroxynitrite-treated
RBCs are represented in Fig. 7 (top panel). In most areas there
was an increase of membrane skeleton structure density but in
some regions there was a decrease. The fractal analysis of the
lateral force maps showed that the complexity of membrane
skeleton structure increases with increasing in peroxynitrite
concentration (Fig. 7, bottom panel).

In AFM experiments we added peroxynitrite directly to
whole blood. In whole blood, there are a lot of other targets,
beside the RBCs, for peroxynitrite action such as plasma
proteins [35], so the effective level of peroxynitrite to the RBCs
actually was lower than stated.

3.7. The RBC membrane stiffness and RBC shape afier
peroxynitrite action

At peroxynitrite concentrations higher than about 300 uM in
blood crenated forms of RBCs are observed. The number of

The elastic properties of red blood cell membranes before and after peroxynitrite treatment

Experiment Specimen Indentation depth, Relative elastic modulus p vs. control Sample size
nm (E/Ey), rel. units (two-tailed Student ¢ test)

1 Control discocytes 40 1.00£0.09 - 23
Discocytes after peroxynitrite treatment 40 1.16+0.10 0.04 19

2 Control discocytes 14 1.00£0.09 - 8
Crenated cells after peroxynitrite treatment 14 1.20+0.07 0.02 8
(protrusion top)
Crenated cells after peroxynitrite treatment 14 1.27+0.21 0.002 5

(protrusion bottom)

E, is an apparent elastic modulus of the cellular surface of control RBCs; E is an apparent elastic modulus of the cellular surface of peroxynitrite-treated RBCs. The

data are represented as the limits of confidence interval (CI).

RBCs were treated with 2.5 mM peroxynitrite in whole blood (pH 7.4+0.2, 41+3% Hct), fixed with glutaraldehyde, washed and dried.
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crenated RBCs increases with peroxynitrite concentration and
reaches about 22% at a peroxynitrite concentration of 2 mM.
Firstly one or some isolated protrusions appear on the RBC
surface (I type, Fig. 8, b), and then the number of the protrusions
increases and reaches about 20 per cell (II type, Fig. 8, ¢). The
averaged protrusion sizes are 1480+120 nm in diameter and
440+40 nm in height (n=34).

We estimated and compared the apparent local elastic moduli
of RBCs before and after peroxynitrite treatment. As we had
expected the stiffness of peroxynitrite-treated RBCs in both
cases (without and with RBC shape changes) was significantly
higher than that of control RBCs (Table 2).

The membrane skeleton is known to contribute to elastic
properties of RBCs. Therefore the condensation of membrane
skeleton structure has to increase the stiffness of RBC surface
layers and to promote the RBC shape changes [36].

4. Discussion

Our work has demonstrated a variety of components of
functional and structural responses of RBCs to peroxynitrite
action. Peroxynitrite increases the passive cation permeability
of the RBC membrane for both K" ions and Na" ions. The total
membrane conductance after peroxynitrite treatment increased
2—3-fold. At the same time, peroxynitrite decreases anion flux
through AE1. Bearing in mind that AE1 is one of the pathways
transporting peroxynitrite into RBCs, it is important to note the
following: the effect of AE1 inhibition by peroxynitrite occurs
at high peroxynitrite concentrations and it does not have a
significant influence on the oxidative processes in RBCs, such
as haemoglobin oxidation. We should also note that RBC sam-
ple could be with a negligible contamination of leucocytes and
platelets and it must be taken into account.

The mechanism for peroxynitrite-induced enhancement of
RBC membrane cation permeability appears to be complex and
involve multiple pathways. The regulation of transport sys-
tems by peroxynitrite can be through modification of protein
and lipid chemical structures and through the rearrangement
of protein and lipid structures in the membrane or membrane
skeleton [6,23,37-39].

Thus, the peroxynitrite-induced increase in K permeability
can be due to at least two pathways. One pathway that appears at
low peroxynitrite concentration relates to the activation of the
K'-Cl™ cotransporter via kinase inhibition [7,20,40]. Another
pathway is observed at high concentrations of peroxynitrite and
is probably related to both the activity of K" channels and to the
formation of membrane structure defects. The type of K
channels that are activated by peroxynitrite provokes the cu-
riosity of investigators. Probably they can be neither Ca®'-
dependent K "channels nor potential-dependent K channels [7].
The possible candidates can be Kagp channels taking into
account the significant decrease in ATP level and sensitivity to
Karp channel inhibitors [29]. Other possible candidates can be
two-pore-domain K" channels [41]. According to our estimates
based on results of experiments with K p channel inhibitor the
K" channels contribute to the increase of total passive mem-
brane permeability after peroxynitrite treatment only about 20%.

Therefore we concluded that rearrangements in the membrane
and membrane skeleton of RBCs are mainly responsible for the
phenomenon. Changes in membrane skeleton structure are an
important consequence of peroxynitrite treatment and they also
correlate with C1 -independent K influx, inhibition of AE1 ac-
tivity, and decrease in ATP level. Peroxynitrite-induced changes
in membrane skeleton structure lead to an increase in membrane
stiffness that is detected even in discocytes before RBC shape
change. The crenation of RBC seems to be a final link in the
chain of events induced by peroxynitrite in RBCs. That is ob-
served at high concentrations of peroxynitrite and appears to be
caused by both water and ion imbalance between cell and sur-
rounding medium and cytoskeletal structure changes. All these
changes in the mechanical and structural properties of RBCs can
lead to a rapid elimination of the cells from the circulation.

We conclude that peroxynitrite causes an enhancement of
passive cation (potassium and sodium) permeability and inhibits
the anion flux through anion exchanger in the RBC mem-
brane. The mechanism of peroxynitrite-induced cation perme-
ability is complex including activation of cotransporters and
cation channels as well as membrane rearrangements. Zinc ions
can protect RBC membrane against peroxynitrite-induced cation
leak. Peroxynitrite changes the membrane skeleton structure in
RBCs that is the basis of the increase of RBC surface stiffness.
Peroxynitrite-induced processes in membrane and membrane
skeleton lead to crenation of RBCs.

Acknowledgements

This work was partially supported by The Physiological
Society.

The authors thank Kuznetsova T. A. and Abetkovskaya S. O.
for technical help in carrying out several AFM experiments and
calculation of elastic modulus.

References

[1] S. Cuzzocrea, D.P. Riley, A.P. Caputi, D. Salvemini, Antioxidant therapy:
a new pharmacological approach in shock, inflammation, and ischemia/
reperfusion injury, Pharmacol. Rev. 53 (1) (2001) 135-159.

[2] A. Denicola, R. Radi, Peroxynitrite and drug-dependent toxicity, Toxicology
208 (2) (2005) 273-288.

[3] D.M. McCafferty, Peroxynitrite and inflammatory bowel disease, Cut
46 (2000) 436-439.

[4] P. Pacher, I.G. Obrosova, J.G. Mabley, C. Szabo, Role of nitrosative
stress and peroxynitrite in the pathogenesis of diabetic complications.
Emerging new therapeutical strategies, Curr. Med. Chem. 12 (3) (2005)
267-275.

[5] W.A. Pryor, G.L. Squadrito, The chemistry of peroxynitrite: a product from
the reaction of nitric oxide with superoxide, Am. J. Physiol. 268 (5Pt1) (1995)
L699-L722.

[6] J.I. Kourie, Interaction of reactive oxygen species with ion transport mech-
anisms, Am. J. Physiol. 275 (1Ptl) (1998) C1-C24.

[7]1 Y. Kucherenko, J. Browning, A. Tattersall, J.C. Ellory, J.S. Gibson, Effect
of peroxynitrite on passive K" transport in human red blood cells, Cell
Physiol. Biochem. 15 (6) (2005) 271-280.

[8] C. Szabo, Multiple pathways of peroxynitrite cytotoxicity, Toxicol. Lett.
140-141 (2003) 105-112.

[9] Y. Liu, D.D. Gutterman, Oxidative stress and potassium channel function,
Clin. Exp. Pharmac. Physiol. 29 (4) (2002) 305-311.





162 M.N. Starodubtseva et al. / Bioelectrochemistry 73 (2008) 155-162

[10] S. Pal, K. He, E. Aizenman, Nitrosative stress and potassium channel-
mediated neuronal apoptosis: is zinc the link? Pflugers Arch. 448 (3) (2004)
296-303.

[11] X.D. Tang, H. Daggett, M. Hanner, M.L. Garcia, O.B. McManus, N. Brot,
H. Weissbach, S.H. Heinemann, T. Hoshi, Oxidative regulation of large
conductance calcium-activated potassium channels, J. Gen. Physiol. 117 (3)
(2001) 253-274.

[12] R. Radi, J.S. Beckman, K.M. Bush, B.A. Freeman, Peroxynitrite oxida-
tion of sulthydryls: The cytotoxic potential of superoxide or nitric oxide,
J. Biol. Chem. 266 (7) (1991) 4244-4250.

[13] M.T. Gladwin, J.R. Lancaster Jr., B.A. Freeman, A.N. Schechter, Nitric
oxide’s reactions with hemoglobin: a view through the SNO-storm, Nat.
Med. 9 (5) (2003) 496—500.

[14] A. Dejam, C.J. Hunter, M.M. Pelletier, L.L. Hsu, R.F. Machado, S. Shiva,
G.G. Power, M. Kelm, M.T. Gladwin, A.N. Schechter, Erythrocytes are the
major intravascular storage sites of nitrite in human blood, Blood 106 (2)
(2005) 734-739.

[15] P. Kleinbongard, R. Shulz, T. Rassaf, T. Lauer, A. Dejam, T. Jax, L
Kumara, P. Gharini, S. Kabanova, B. Ozuyaman, H.G. Schnurch, A.
Godescke, A.A. Weber, M. Robenek, H. Robenek, W. Bloch, P. Rosen, M.
Kelm, Red blood cells express a functional endothelial nitric oxide
synthase, Blood 107 (7) (2006) 2943-2951.

[16] A. Grzelak, J. Mazur, G. Bartosz, Peroxynitrite activates K'-Cl~ cotran-
sport in human erythrocytes, Cell. Biol. Int. 25 (11) (2001) 1163—1165.

[17] C. Mallozzi, A.M. Di Stasi, M. Minetti, Peroxynitrite modulates tyrosine-
dependent signal transduction pathway of human erythrocyte band 3, FASEB
J. 11 (14) (1997) 1281-1290.

[18] P. Muriel, G. Castaneda, M. Ortega, F. Noél, Insights into the mechanism
of erythrocyte Na'/K"-ATPase inhibition by nitric oxide and peroxynitrite
anion, J. Appl. Toxicol. 23 (4) (2003) 275-278.

[19] P. Matarrese, E. Straface, D. Pietraforte, L. Gambardella, R. Vona, A.
Maccaglia, M. Minetti, W. Malorni, Peroxynitrite induces senescence and
apoptosis of red blood cells through the activation of aspartyl and cysteinyl
proteases, FASEB J. 19 (3) (2005) 416-418.

[20] C. Mallozzi, L. De Franceschi, C. Brugnara, A.M. Di Stasi, Protein phos-
phatase 1 alpha is tyrosine-phosphorylated and inactivated by peroxynitrite
in erythrocytes through the src family kinase fgr, Free Rad. Biol. Med. 38 (12)
(2005) 1625-1636.

[21] A. Grzelak, M. Soszynski, G. Bartosz, Inactivation of antioxidant enzymes
by peroxynitrite, Scand J Clin. Lab. Invest. 60 (4) (2000) 253-258.

[22] A. Denicola, J.M. Souza, R. Radi, Diffusion of peroxynitrite across eryth-
rocyte membranes, Proc. Natl. Acad. Sci. USA 95 (17) (1998) 3566—3571.

[23] P. Di Mascio, B. Dewez, C.R.S. Garcia, Ghost protein damage by peroxy-
nitrite and its protection by melatonin, Braz. J. Med. Biol. Res. 33 (1) (2000)
11-17.

[24] N. Romero, R. Radi, E. Linares, O. Augusto, C.D. Detweiler, R.P. Mason,
A. Denicola, Reaction of human hemoglobin with peroxynitrite, J. Biol.
Chem. 278 (45) (2003) 44049—-44057.

[25] P.B. Dunham, J.C. Ellory, Passive potassium transport in low potassi-
um sheep red cells: dependence upon cell volume and chloride, J. Physiol.
318 (1981) 511-530.

[26] N. Almqpvist, Fractal analysis of scanning probe microscopy images, Surf.
Sci. 355 (1996) 221-228.

[27] S.R. Powell, The antioxidant properties of zinc, J. Nutr. 130 (5S Suppl)
(2000) 1447S—-1454S.

[28] M. Valko, H. Morris, M.T. Cronin, Metal, toxicity and oxidative stress,
Curr. Med. Chem. 12 (10) (2005) 1161-1208.

[29] A. Daiber, M. Bachschmid, J.S. Beckman, T. Munzel, V. Ullrich, The
impact of metal catalysis on protein tyrosine nitration by peroxynitrite,
Biochem. Biophys. Res. Com. 317 (3) (2004) 873—-881.

[30] F. Candan, F. Gultekin, F. Candan, Effect of vitamin C and zinc on osmotic
fragility and lipid peroxidation in zinc-deficient haemodialysis patients,
Cell. Biochem. Funct. 20 (2) (2002) 95-98.

[31] J.A. Browning, H.M. Stains, H.C. Robinson, T. Powell, J.C. Ellory, J.S.
Gibson, The effect of deoxygenation on whole-cell conductance of red
blood cells from healthy individuals and patients with sickle cell disease,
Blood 109 (6) (2007) 2622-2629.

[32] H.L. Brooks, J.W. Regan, A.J. Yool, Inhibition of aquaporin-1 water per-
meability by tetracthylammonium: involvement of the loop E pore region,
Mol. Pharmacol. 57 (5) (2000) 1021-1026.

[33] K. Kuang, J.F. Haller, G. Shi, F. Kang, M. Cheung, P. Iserovich, J.
Fischbarg, Mercurial sensitivity of aquaporin 1 endofacial loop B residues,
Protein Sci. 10 (8) (2001) 1627—-1634.

[34] F. Lapaix, S. Egee, L. Gibert, G. Decherf, S.L. Thomas, ATP-sensitive K"
and Ca®'-activated K™ channels in lamprey (Petromyzon marinus) red
blood cell membrane, Pflugers Arch. 445 (1) (2002) 152—-160.

[35] G. Scorza, M. Minetti, One-electron oxidation pathway of thiols by

peroxynitrite in biological fluids: bicarbonate and ascorbate promote the

formation of albumin disulphide dimers in human blood plasma, Biochem.

7. 329 (Pt2) (1998) 405-413.

C.W. Haest, T.M. Fischer, G. Plasa, B. Deuticke, Stabilization of eryth-

rocyte shape by a chemical increase in membrane shear stiffness, Blood

Cells 6 (3) (1980) 539-553.

E. Bossy-Wetzel, M. V. Talantova, W.D. Lee, M.N. Scholzke, A. Harrop, E.

Mathews, T. Gotz, J. Han, M.H. Ellisman, G.A. Perkins, S.A. Lipton,

Crosstalk between nitric oxide and zinc pathways to neuronal cell death

involving mitochondrial dysfunction and p38-activated K' channels,

Neuron 41 (3) (2004) 351-365.

[38] Y. Gutierrez-Martin, F.J. Martin-Romero, F.A. Inesta-Vaquera, C.
Gutierrez-Merino, F. Henao, Modulation of sarcoplasmic reticulum
Ca**-ATPase by chronic and acute exposure to peroxynitrite, Eur. J.
Biochem. 271 (13) (2004) 2647-2657.

[39] G.A. Petsko, D. Ringe, Protein Structure and Function, New Science Press
Ltd., London, 2004, pp. 86—127.

[40] J.S. Gibson, J.C. Ellory, K'-CI” cotransport in vertebrate red cells, in: L
Bernhardt, J.C. Ellory (Eds.), Red Cell Membrane Transport in Health and
Disease, Springer, Berlin, 2003, pp. 197-220.

[41] F. Lesage, M. Lazdunski, Molecular and functional properties of two-pore-
domain potassium channels, Am. J. Physiol. Renal. Physiol. 279 (5) (2000)
F793-F801.

=

[36

[37

—





		Structural and functional changes in the membrane and membrane skeleton of red blood cells indu.....

		Introduction

		Materials and methods

		Peroxynitrite synthesis

		Blood samples

		Ion influx measurements

		Electrophysiology

		Atomic force microscopy of RBC surface and analysis of atomic force microscopy results

		Statistics



		Results

		Peroxynitrite increases passive cation permeability of the RBC membrane

		The interaction of anion exchanger with peroxynitrite

		The interaction between transition metal ions and peroxynitrite-induced cation influx in RBCs

		The effect of peroxynitrite on whole-cell current in RBCs

		The Cl−-independent K+ flux induced by peroxynitrite action on RBCs

		The effect of peroxynitrite on RBC membrane skeleton structure

		The RBC membrane stiffness and RBC shape after peroxynitrite action



		Discussion

		Acknowledgements

		References





