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Studies are reviewed on the development and application of a new method of measuring the
magnetic susceptibility of single biological cells and liposomal bilayer aggregates that model the
core of the cell membrane, and also any nonmagnetic and weakly magnetic microparticles of
volume of the order of 10 -10 cm3, without violating their integrity. The method is based on the
phenomenon of magnetophoretic motion of cells in a buffer medium caused by the interaction of
the magnetic moment of the cell induced by an external magnetic field with the fringing field of a
thin magnetic filament magnetized by the same field. It enables measuring induced moments of
either sign of the order of 104 — 10s Bohr magnetons in a field of 1 kOe. The potentialities of the
method are illustrated by the results of studies of the magnetic properties of human erythrocytes
containing hemoglobin in the fundamental forms obtained as functions of the temperature, the
pH of the medium, and oxygen-exchange processes. The properties of hemoglobin in cells and
solutions are compared. The possibility is noted of identifying the magnetic properties and the
physiological state of the cells. By using magnetic capture of spherical and cylindrical multilayer
liposomes, one can obtain the most complete information on the magnetic properties of the lipid
bilayer-its magnetic susceptibility, diamagnetic anisotropy, and the components of the magnetic
susceptibility tensor. These potentialities of magnetic capture have been realized experimentally,
and by using it new information has been obtained on the features of the thermotropic behavior of
membrane bilayers of synthetic dipalmitoyllecithin in the region of the fundamental phase
transition and of bilayers of natural phospholipids-egg lecithin and the total lipids of erythrocyte
membranes in the region of thermal structural rearrangements. The high sensitivity of magnetic
capture to a change of the state of the lipid bilayer and its information content with respect to
structural organization are noted.

INTRODUCTION

The study of the individual magnetic properties of func-
tioning biological cells, cell fragments, and organelles, as
well as model analogs of them, such as bilayer aggregates of
lyotropic mesophases, appears to be of great importance and
interest.1'2 This interest arises from the natural tendency to
expand the field of physical studies to a known nonequilibri-
um object whose state is determined in many ways, not only
by such parameters as the temperature and pressure, but also
by the composition and state necessary for its functioning in
the surrounding buffer medium. A condition of no small
importance for advancing along this line is the choice or
artificial creation of a very simple object, knowing how to
measure its properties, in particular, also its magnetic prop-
erties, without violating the integrity of the object and its
inner bonding. We can add that an understanding of the
leading and intensively developing studies on the influence
of magnetic fields on cells, tissues, and organisms is impossi-
ble without knowing the material constants of the molecular
and supermolecular structures of the cell, in particular, their
static and dynamic magnetic susceptibilities.3

The known methods of experimental study of the mag-
netic properties of matter, such as the Faraday magnetic bal-
ance or the recently developed supersensitive SQUID mag-
netometry cannot be used for measurements of such small
magnetic moments as the moment induced by an external

magnetic field in an individual isolated nonmagnetic micro-
particle of volume 10 ~ I 0 cm3, such as a biological cell. Stud-
ies of the magnetic properties of microobjects make a num-
ber of demands on the technique and methodology of the
measurements. Thus, the object of study requires a definite
environment to maintain its functional state and the corre-
sponding manifestation of its specific properties-a buffer
medium whose magnetic susceptibility is close to that of the
object itself. Moreover, often one must distinguish the con-
tribution from some part of the object that constitutes sever-
al percent of its mass or volume.

The extremely high sensitivity sufficient to measure the
magnetic susceptibility of single cells with an induced mag-
netic moment of either sign relative to the medium of the
order of 104 — 105 Bohr magnetons in a 1-kOe field1' is pos-
sessed by a technique that uses strongly inhomogeneous
fringing fields arising near the surface of a thin magnetic
filament when it has been transversely magnetized. These
experiments study the parameters of motion of the cell
caused by the interaction of the magnetic moment of the cell
induced by the external field with the fringing field of the
magnetic filament magnetized by the same field (Fig. la).
Here the essential factors are the magnitude and sign of the
difference % = %p — %buf between the magnetic susceptibili-
ties of the particle %p and of the buffer medium %buf. Thus,
for particles with % > 0 one observes the phenomenon of
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FIG. 1. Schematic drawing of a filament and a particle in a mag-
netic-capture experiment (a); projections of the trajectories of
motion of particles in the xy plane in diamagnetic and paramag-
netic capture (b).

paramagnetic capture-attraction of the particles into the re-
gion of greatest field intensity near the surface of the fila-
ment, while for particles with x < ° one observes diamagne-
tic capture-attraction of particles (more diamagnetic than
the medium) into the region of least field intensity at the
surface of the filament (Fig. Ib). The high sensitivity in
these measurements arises from the considerable increase in
the product H grad H owing to the use of thin filaments
whose diameters are comparable with the diameter of the
cells or particles being studied, as well as the compensative
character of the measurements: magnetic capture is the only
compensative method among the magnetic measurements
known in practice; the susceptibility of the object here is
determined relative to the susceptibility of the buffer medi-
um, which is assumed to have been already determined, and
as a rule, is of the same or similar order of magnitude as that
of the particle being studied.

1.EXPERIMENTALSCHEME. CALCULATED RELATIONSHIPS

An experimental scheme for magnetic capture of cells is
shown in Fig. la, from which we see that the projections of
the trajectories of the particles of interest to us lie in the xy
plane perpendicular to the axis of the filament and to the
force of gravity. The motion of a particle in this plane is
governed by the action of the ponderomotive force, which is
balanced (upon neglecting the inertial contribution) by the
force of resistance, which can be represented by the Stokes
formula at low velocities of motion of the cells.

The equations of motion of a homogeneous spherical
particle of radius R (R<a, where a is the radius of the fila-
ment) in the coordinates r, q> with account taken of the mag-
netic potentials satisfying the Laplace equation have the
form4'5 ,

I*
a

cos2q)

VM sin 29
a ri

(1)

Here we have ra=r/a, VM = ^VMsH0/6Trr/aReff,
k = MJ1HW Afs is the saturation induction of the filament
material, 77 is the viscosity of the buffer, Fis the volume of
the particle, H0 is the intensity of the external magnetic field,
and Ren is the effective hydrodynamic radius of the particle.

The family of trajectories is obtained (Fig. 2) by inte-
grating the system of Eqs. (1):

rl = c sin 2 (<p — a),

Here we have

c = (rj, + 2*rSi cos 2^ +

(2)

tg2ce = k sin 21ft
, +*cos2q>1

'(sin2q>i)-

sin 2q)j ̂  0;

Here rai and <p{ are the initial coordinates of the particle.
When sin 2^>, = 0, the particle moves along one of the
"straight" trajectories-along one of the axes x ory. The form
of the trajectories and the character of the magnetic capture
are determined by the value of the parameter k = MS/2H0.
Figure 2 shows the families of trajectories for k = 1 and
k = 0. As we see, the character of the trajectories of the two
limiting cases strongly differs-when k — 1 the family di-
verges from the single point ir/2, while when k — 0 it lies
symmetrically with respect to tr/r. Let k=l, i.e., the field
HQ is weak, though magnetizing the filament to saturation.
Then the region of diamagnetic capture at the surface of the
filament to which particles with j < 0 are attracted degener-
ates into a line along the generator corresponding to
<p = ir/2. Here almost the entire surface expands. In an ex-
tremely strong field it tends to become comparable with the
zone of paramagnetic capture (k = 0).2)

The separation of the space around the filament into
regions of magnetic capture of opposite signs is determined
by the values of the critical angles £>cr

FIG. 2. Families of magnetic-capture trajectories of point particles for the
cases k = 1 (a) and k = 0 (b).
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FIG. 3. Dependence of the critical angles <pfr ( r a ) for different values of
the parameter k = MS/2H0.
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Here the radial component of the force acting on the particle
changes sign, i.e., we have

„,/,
(4)

Figure 3 shows the <pcr ( r a ) relationship for different values
of &.7 In the region 0 < <p < <pcr we should expect attraction of
particles with % > 0 and repulsion of those with x < 0, while
conversely.in the region <pc, < <p < ir/2 we expect attraction
with x < 0 and repulsion with % > 0.

The expression for % is obtained by integrating (1)
along the trajectory over the interval [ra{,<pi,ra2,(p2}; ra2

and q>2 are the final coordinates of the particle:
3nt|j?e[f a? F (rn, rm, (fi, (p.,, h)

(5)

Here t is the time of passage of the particle along the stated
segment of the trajectory (t < 0), while we have

I, <P», *) = 2c2 [sin (q>! -f <pa — 4<x)

rl

FIG. 4. Diagram of the experimental setup for observing and measuring
magnetic-capture trajectories. 7-thermostatted cuvette; 2-pole pieces of
the electromagnet; 3-thin magnetic filament; 4-videocamera; 5-videore-
corder; (5-telemonitor; 7-thermostat; S-thermocouple; 9-peristaltic
pump.

when sin 2^,^0 and for "straight" trajectories, i.e., when
sin 2q>i =0, we have

F (ral, rm, k) = T (& -

(7)

x sin (q>j — <p2) + — sin12a • In
2 (6)

2. MAGNETIC CAPTURE OF CELLS

The family of trajectories of (2) and the calculational
relationships of (5) were derived for a particle with R < a in
the approximation in which a nonviscous flux flows around
it. The possibilities of using them for denning cells were
studied mainly with red blood cells-human erythrocytes.
Ery throcy tes are easily accessible non-nucleated blood cells8

of discoidal type, of diameter ~ 8/^m, homogeneous in com-
position (they contain ~71% water and ~28% hemoglo-
bin (Hb). What is of no small importance is that they can
have a susceptibility relative to the buffer differing in magni-

- / , 2

FIG. 5. Experimental (7) and calculated (2) trajectories of cells in
diamagnetic capture (a = 10//m, k = 0.18) (a), and in paramagnetic
capture (a = 55/im, A: = 0.23) (b) . 1 4

o a
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tude and sign9'10 by an order of magnitude, which is unam-
biguously determined by the state of the hemoglobin con-
tained in them. In the case of its fundamental forms, this can
easily be monitored spectrophotometrically.

The observation and measurement of the parameters of
the trajectories of motion of cells near the surface of a trans-
versely magnetized filament in the case of magnetic capture
are performed in air-tight cuvettes several tenths of a mL in
volume (see, e.g., Refs. 11, 12, 13). The cuvette with the
filament fixed in it is placed on the specimen stage of a micro-
scope between the pole pieces of an electromagnet so as to
bring about the arrangement of the filament, the particle,
and direction of the magnetizing field H0 indicated in Fig.
1.3>

An illumination ray propagating along the axis of the
filament (Fig. 4) transmits an image of the cross section of
the filament and of the cells lying in the field of view of the
microscope to the vidicon of a videocamera connected to a
video tape recorder. The motion of the cells in magnetic cap-
ture is determined by video recording, the processing of
which enables one to determine the initial and final coordi-
nates of a particle and its time of motion between them. Fig.
5 shows typical trajectories of the diamagnetic capture of
erythrocytes containing ~99% oxyhemoglobin and the
paramagnetic capture of erythrocytes containing deoxy- and
methemoglobin.14 The dashed lines there show the trajector-
ies calculated by (2) and adjusted to experiment with ac-
count taken of the actual experimental parameters. As we
see from the diagram, the best agreement is observed for cells
moving in capture along "straight lines" or trajectories close
to them.

As Eq. (5) implies, the ratio F/t, apart from a constant
coefficient, determines the magnetic susceptibility of the
particle with respect to the medium. The magnitude of this
coefficient depends on the ratio Ref!/V, which for cells is an
effective value owing to local distortions of shape, the pres-
ence of a surface charge and ion shell, and also owing to the
nonabsolute elasticity and smoothness of the cell membrane,
which are manifested in its motion in a liquid.As regards
erythrocytes, their defect as model cellular particles is the
absence of spherical symmetry of the cell shape and their
extreme elasticity, which affects the accuracy of determining
R<.a/V. However, in view of the discoidal shape, in sedimen-
tation and magnetic capture in a highly dilute suspension, an
erythrocyte moves in the plane of its disk. The determination
of the ratio Refr/Vis usually performed in separate experi-
ments, e.g., in settling of the cells in the gravity force field.
Thus, apart from the ratio Reff/V, the distribution of the
cells with respect to F/t corresponds to their distribution
with respect to magnetic susceptibility. The ratioF/t of a cell
is determined as follows. The magnetic-capture trajectory of
the particle is divided into segments. For each segment one
determines the coordinates of the start and the end and the
time of passage of the particle through it, whereupon one
constructs the F / ( t ) relationship. Figure 6 shows a typical
form of such relationships obtained in the magnetic capture
of erythrocytes containing hemoglobin in the fundamental
forms, and also of human lymphocytes as they move along
"straight lines" or trajectories close to them. As we see from
the diagram, F varies linearly with the time, which agrees
with (5) and which enables one to use this circumstance to
determine the x °f the cells.

FIG. 6. Examples of F( t) dependences for erythrocytes containing methe-
moglobin (7), deoxy hemoglobin (2), and oxy hemoglobin (3), and hu-
man lymphocytes (4).13

A deviation from a linear F(t) relationship is observed
either far from the filament for large radii of capture, where
it arises from the uncertainty in establishing the time of pas-
sage of the cell through remote segments of the trajector-
ies,13 or in the immediate vicinity of the filament,11'12 owing
to hindrance caused by the incompressibility of the liquid. In
the latter case, owing to the Stokes resistance, one can intro-
duce a correcting parameter /I,15 which "compensates" the
hindering action of the wall (Fig. 7):

n ( n + l )=-!sha V -
3 £J (In —(2«— l)(2n — 3)

2sh(2/i+ 1) sh 2a
— (2n+l)sh«a

a = arcch - (8)

Deviations from a linear F(t) dependence were also noted
for cells for which one observed a poorer adjustment of the
calculated trajectories to those experimentally observed (see
Fig. 5), i.e., for cells moving along "curved" trajectories.
Here, the greater the deviation.the more curved was the tra-
jectory of cell motion. Perhaps both circumstances involve
the need of taking account of the viscous corrections and the
finite dimensions of the cells, which are manifested in their
motion along "curved" trajectories.

units/cm3

FIG. 7. Relative magnetic susceptibility of an erythrocyte as a function of
its distance from the filament (measured at different instants of time of
magnetic capture) as calculated from capture data without taking ac-
count (1) and with taking account (2) of the hindering action of the
surface of the filament. '2
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FIG. 8. Typical histograms of the value of F( t) of erythrocytes containing
methemoglobin (a), deoxyhemoglobin (b), oxyhemoglobin (c), and of
lymphocytes (d).13

Taking account of the finite dimensions of particles
having the form of a disk and moving along straight trajec-
tories leads to insignificant corrections, which are manifest-
ed at the surface of the filament and for particles with R = 5
,um for filaments with diameter 20 /urn, and which proves to
be smaller than the error of measurement of the capture pa-
rameters.'3

Analysis of the trajectories of erythrocytes in capture
showed13 that cells that pass through one particular point in
the r<p coordinate plane move further, until the moment of
capture, along the same trajectory, regardless of the magnet-
ic susceptibility of the cell. This allows us to assume that the
difference in time of passage of cells of similar dimensions
through the same segment of trajectory arises from their dif-
fering values of the magnetic susceptibility.

The magnetic susceptibility of a group of cells under
study is determined by using the probable values of their
sedimentation velocities and magnitudes of F/t as deter-
mined from the corresponding histograms obtained from the
data of observations of "straight" or near-straight trajector-
ies of the magnetic capture of the cells. Examples of histo-
grams of the value of F/t of erythrocytes containing hemog-
lobin in the fundamental forms are shown in Fig. 8.13 The
position of the maxima of the histograms and their form
reflects the homogeneity of composition of each studied,
group of erythrocytes and enables one to determine the value
of their mean magnetic susceptibility. The value of F/t is
highly sensitive to the content in the cells of various impuri-
ties. Thus, for conditions the same as in Fig. 8, the difference
between the calculated time of passage of an idealized cell
containing all its hemoglobin in the oxy form to the same cell
with an admixture of 0.5% methemoglobin4' through the
same segment of trajectory equal to the diameter of the cell
amounts to ~2.5 s during capture.17 The same diagram
shows the histogram of the F/t distribution of human lym-

phocytes, which confirms the extremely broad spectrum of
magnetic properties of these cells.18 In studying cells having
a small induced magnetic moment, e.g., oxygenated erythro-
cytes or freshly isolated human lymphocytes, one must
achieve the highest sensitivity with respect to magnetic mo-
ment. The magnitude of grad H, which determines the force
acting on the particle, is limited by the curvature of the
source of the gradient field, which must exceed somewhat
the dimensions of the cell under study so that its drift during
capture should amount to at least several of its diameters
(usually 3-5), as is necessary to measure F/t. Thus the sensi-
tivity with respect to magnetic moment for a fixed saturation
induction of the material of the filament, whose diameter is
chosen on the basis of the dimensions of the cell, is deter-
mined only by the magnitude of the external magnetic field.
The smallest measured value of the magnetic moment
amounted to ~ 105 Bohr magnetons in a field of 1 kOe for
oxygenated human erythrocytes.14

When one must make multiple measurements of the
magnetic capture of the same cell, one should use a some-
what different mutual arrangement of the filament with re-
spect to the direction of the magnetizing field and to the
force of gravity. The scheme of such an experiment will also
differ in the orientation of the magnetizing field with respect
to the direction of the force of gravity for cells having the
opposite sign of the susceptibility relative to the buffer (Fig.
9). Since the density of the cells slightly exceeds that of the
buffer (the density of erythrocytes is 1.096 g/cm3), then for
the schemes shown in Fig. 9 and cells with either sign of %, by
manipulating the turning on and off of the magnetic field
(without allowing the cell to be captured), one can center its
motion along the vertical axis. Then one can perform multi-
ple measurements of the vertical displacements of the chosen
cell upon capture by measuring the capture parameters with
the field turned on, and the value of the effective hydrody-
namic radius with the field turned off. Here one must intro-
duce into the equation of motion of the particle the force of
gravity, which has the result that the expressions for^- of the
cell will not have an analytic form and will be determined by
simple numerical calculations that also depend on the initial
and final coordinates of the cell in capture and the time of
passage between them.

FIG. 9. Mutual arrangement of the filament, the particle, and the direc-
tion of the magnetizing field H0 in an experiment on magnetic capture that
enables performing multiple measurements of the magnetic capture of an
individual cell with diamagnetic (a) and paramagnetic (b) susceptibility
with respect to the buffer medium.
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3. THE MAGNETIC SUSCEPTIBILITY OF HUMAN
ERYTHROCYTES

In studies of magnetic capture, which are the basis of
high-gradient magnetic separation,19'20 one can note several
points in the use of erythrocytes as model cell systems:

-for studying the possibility of magnetic separation of
biological cells by using high-gradient magnetic filters,21'23

-for experimental verification of the concepts of high-
gradient magnetic separation under development,24

-for developing these concepts in the special case of an
established flux as a method of measuring the magnetic sus-
ceptibility of biological cells,10'11 and finally

-for studying the magnetic properties of specific single
cells without violating their integrity and conditions of func-
tioning. We shall illustrate the latter with examples of stud-
ies of the magnetic properties of human erythrocytes that we
have conducted.

Erythrocytes are considered to be relatively simple
cells. Their fundamental function is to transport oxygen to
the tissues of the organism, which they fulfill with the use of
hemoglobin.51 The active centers of the Hb molecules are
four iron atoms, which make possible the cooperative char-
acter of the binding of Hb with oxygen. In the stereochemi-
cal model of hemoglobin26 the basis of the cooperative bind-
ing of Hb with oxygen is the intercoupling of the quaternary
structure of the protein and the spin state of the heme iron.
Magnetic susceptibility has always served as a means of
studying the properties of hemoglobins in solution. There-
fore studies of the magnetic properties of individual erythro-
cytes, and of hemoglobin and its derivatives contained in
them, whose state arises from the spin state of the iron, and
its change upon ligand exchange, as well as the change in the
conditions of functioning of the protein, are both of indepen-
dent interest and of interest in comparison with the proper-
ties of hemoglobin solutions.

3.1. Magnetic susceptibility of intracellular oxyhemoglobin

Measurements of the magnetic susceptibility of solu-
tions of hemoglobin27 have shown that oxyhemoglobin
(oxyHb) is diamagnetic and the effective moment of the
complex of heme iron with oxygen equals zero. There are
several models28'30 that explain the diamagnetism of HbO2.
Some preference is granted to the model of Ref. 30, in which
the reversible oxygen binding occurs by the scheme

Hb(Heme dj) + O2 s±Hb (Heme dj/,) O • Or, (9)
dcoxyHb oxyHb

which presupposes charge transport in HbO2 from the iron
ion Fe2 + to the molecule of oxygen to form the ionic bound
complex (Fe3 + O2 ). The absence of magnetism here is ex-
plained by the existence of antiferromagnetic coupling
between the spins of the metal and the ligand. The concepts
that have ben developed were cast into doubt by a study31

performed with a SQUID magnetometer, which found the
existence of paramagnetism of oxyHb. These measurements
did not agree with the earlier measurements of the magnetic
susceptibility of oxygenated erythrocytes performed by the
method of magnetic capture.9 Later it turned out that they
were due to methodological error that arose in developing
the method of measuring the magnetic susceptibility of Hb

solutions using SQUID magnetometry and were corrected,
both by studies of the authors themselves32 and of other in-
vestigators.33'34 Nevertheless, the revealed instability of
oxyHb as a final state, especially the instability of its natural
forms in erythrocytes,35 required a refinement of the magni-
tudes of its magnetic susceptibility as a function of the tem-
perature and of the properties of the surrounding medium.

The study of the magnetic susceptibility of intracellular
hemoglobin was performed on individual cells in a dilute
suspension by the magnetic-capture method in the tempera-
ture interval 2-55 °C and with variation of the pH of the
buifer medium from 4.5 to 9.5. Figure 10 shows the tempera-
ture dependence of the ratio F/t, which is proportional to the
magnetic susceptibility of the cells. Each point is a mean
value obtained from the histogram of the distribution with
respect to values of 'F/t of 50-100 cells of similar dimension.
We see that the dependence is nonmonotonic in character
with weakly marked features in the temperature regions
7-12, 20-25, and 35-37 °C. At -42.5 °C a sign change oc-
curs in the magnetic capture. The magnetic susceptibility of
the cells becomes more "paramagnetic" than the susceptibil-
ity of the medium, and their motion converts from the dia-
magnetic to the paramagnetic mode. As was noted, the ratio
F/t corresponds, apart from Reff/V, to the magnetic suscep-
tibility of the cell. If we assume that the erythrocyte contains
a solution of hemoglobin with the concentration c"b, we see
from the relationship

Hb
(10)

with an invariant amount of intracellular hemoglobin, i.e.,
c"b • V, that the value of l/ys 77, where us is the sedimentation
velocity of the cell, is proportional to Re(f. Figure 11 shows
the temperature dependence of \/vs 77 of the same dilute cell
suspension. We also see in this dependence features of the
sedimentation of the erythrocytes in the regions 7-12,
20-25, and 35-37 °C that are correlated with their magnetic-
capture features: the magnetic susceptibility of intracellular
Hb relative to the buffer (Fig. 12) as constructed by (5)
from the data of Figs. 10 and 11 now has a monotonic tem-
perature trend. Apparently the features observed in the tem-
perature dependences of 1 / (ys 77) and F /t are due to features
of the thermotropic properties of the erythrocyte mem-
branes36 that lead to changes in the Reff of the cells. How-
ever, without taking up a discussion of these features, we
note the sensitivity of magnetic capture to them, which
proves essential in studying model analogs of biological
membranes (seebelow).

As it turned out, the magnetic susceptibility of intracel-
lular Hb is practically independent of the temperature in the

F(x1,xi,yi,y2,k)/t, relative units

20 40'o T,°C

FIG. 10. Temperature dependence of the rate of magnetic capture F/rof
oxygenated erythrocytes (pH~7.4).
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FIG. 13. Susceptibility of individual erythrocytes with respect to the buff-
er (25 °C, pH~7.4) as a function of the time of diffusion of oxygen
through a gas-permeable membrane, /-diffusion of oxygen from the sus-
pension upon blowing argon at the cell; 2-diffusion into the deoxygenated
suspension upon blowing air at the cell.

range 2-30 °C and amounts to x = -(0.774 + 0.005)
X10 ~ 6 CGS units/cm3. Similar results have been obtained
also by other authors, both in studying cells35'37 and solu-
tions.33'34 Above 35 °C one observes a sharp increase in the
susceptibility of Hb (see Fig. 12).38 Measurements per-
formed after bubbling the suspension with oxygen for 30 min
at 45 °C showed that the increase in susceptibility is caused
by a change in the partial pressure of dissolved oxygen with
increasing temperature and thermal deoxygenation of Hb,
which leads to a shift in equilibrium of the combination of
oxygen with Hb toward the original reagents. The reversibi-
lity of the susceptibility upon repeated variations of tem-
perature from 20 to 40 °C characterizes the thermal deoxy-
genation, while the presence of hysteresis indicates
methemoglobinization, i.e., irreversibility of the oxidation of
Hb with conversion of Fe2 + to Fe3 + .

The high sensitivity of magnetic capture, which exceeds
the sensitivity of the spectrophotometric methods for mea-
surements on solutions, allows one to study the stability of
erythrocytes over time and under different conditions of
functioning. Thus, in the incubation of erythrocytes for

4 x-io6, CGS units/cm3

three hours in a buffer with pH from 6.0 to 9.5 at 20 °C it was
shown that the change in susceptibility of the cells corre-
sponds to accumulation in them of less than 1 % metHb over
this time.

3.2. Oxygen-exchange processes in erythrocytes

One can study by the magnetic-capture method oxygen-
exchange processes in individual cells by measuring their
magnetophoretic mobility as a function of the partial pres-
sure of oxygen in the suspension. The dependence of the sus-
ceptibility of individual erythrocytes relative to the buffer on
the time of diffusion of oxygen through a gas-permeable
membrane as argon is blown around the measurement cell is
shown in Fig. 13 (pH = 7.4; 25 °C). The same diagram
shows the dependence of the susceptibility of the cells on the
time of diffusion of oxygen into the suspension as air is blown
around the cell P0i = 150 Torr). The shown dependences
characterize the change in the magnetic susceptibility of in-
dividual cells upon dissociation and binding of oxygen to the
intracellular hemoglobin. We see from the diagram that
deoxygenation of the suspension for ~ 1 hour leads to "satu-
ration" of the susceptibility, at which the intracellular he-
moglobin is fully deoxygenated. A triply repeated dissocia-
tion-binding of a given suspension yields identical
susceptibility results within the limits of error, which indi-
cates the absence of irreversible changes, in particular, meth-
emoglobinization.

The degree of saturation with oxygen of the intracellu-
lar Hb ( Y ) is connected to the magnetic susceptibility x °f
the erythrocyte relative to the buffer, under the condition of
additive contribution to the susceptibility of oxy- and deoxy-
hemoglobin, by the relationship

deoxy Hb
I — X.Y =

oxy Hb _ deoxy Hb
( ID

FIG. 12. Temperature dependence of the magnetic susceptibility of intra-
cellular oxyHb (pH ~ 7.4). /-variation of the susceptibility after bubbling
with oxygen for 30 min at 45 °C; 2-variation of the susceptibility upon
changing the temperature in the directions indicated by the arrows.38

Here joxyHb and x
aco^Hb are the magnetic susceptibilities

relative to the buffer of completely oxygenated and deoxy-
genated cells. Upon using the experimentally determinable
dependence of the concentration of dissolved oxygen in the
region of magnetic capture on the time of gas exchange and
the dependence in Fig. 13, one can construct a Hill graph
(see Fig. 14) for the oxygenation and deoxygenation of in-
tracellular Hb. Since the time of magnetic-capture measure-
ments is ~ 10 s, while the time of binding (and release) of
oxygen with heme is ~50 ms,39 the dependences in Fig. 13
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FIG. 14. Hill graph for dissociation (/) and binding (2) of intracellular
hemoglobin with oxygen (25 °C, ph~7.4).
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FIG. 15. Temperature dependence of the molar magnetic susceptibility of
nitrite methemoglobin. 7-intracellular; 2-in solution;41 j-calculated de-
pendence according to Eqs. (12) and (13) for A# = 5.9 kcal/mole and
AS = kcal-deg/mole.

are of equilibrium type. We see from the data presented in
Fig. 14 that the oxygen affinity Pso of intracellular Hb (the
partial pressure of oxygen at which 50% of the binding re-
gions are saturated) and the Hill cooperativity parameter n
(which characterized the steepness at 7=0.5) upon de-
creasing the partial pressure of oxygen in the suspension
(n = 1.4; P50 = 0.68 cm3 O2/L differ from n and Pso upon
increasing the oxygen pressure (« = 2.8; Pso = 0.45 cm3

O2/L). The noted irreversibility of the dissociation and
binding curves perhaps is due to a change in the permeability
of the erythrocyte membrane in oxygen exchange.40

3.3. The magnetic susceptibility of intracellular
methemoglobin

For certain Fe3 + complexes of hemoglobin the differ-
ence in energies of the high- and low-spin states at room
temperature is so small that mutual equilibrium transitions
can become possible between them. Magnetic-susceptibility
measurements have shown that the Fe3+ ion has an effective
moment of 4.5^B at pH~9.5 and 5.8^Bat pH~7.0. These
values are intermediate between those found for high-spin
Fe3+ in HbF (5.9 /ZB ) and low-spin in HbCN (2.3-2.5

/*B).41

Analysis of the temperature dependence of the magnet-
ic susceptibility of the Fe3 + ion in the quaternary R- and T-
structures6) between 300 and 90 K showed41 that at low
temperatures (90-250 K) the susceptibility varies accord-
ing to the Curie law and the Fe3 + ion remains in the low-
spin state. In the region 200-250 K appreciable deviations
were observed from the Curie law that reflect the shift of
equilibrium toward formation of high-spin states. At all tem-
peratures the magnetic moment in the T structure was high-
er than in the R structure. At 0-30 °C the magnetic suscepti-
bility reflects the existence of spin equilibrium depending on
the temperature and can be represented in the form

*~" 87 k+\
Here k is the equilibrium constant between the high- and
low-spin states, and /HH and/zL are respectively the magnetic
moments of these states. Adjustment of the experimental
data yields the best agreement for^ according to (12) ex-
pressed in terms of the Gibbs energy (AG):

(13)
KTJ ' ' —

with empirically selected values of A/f and AS.
Figure 15 shows the temperature dependence of the mo-

lar magnetic susceptibility of intracellular nitrite metHb ob-
tained by magnetic capture of individual erythrocytes. For
comparison, the results are presented there of measurements
of XM obtained in solutions of nitrite-metHb,41 which are
satisfactorily described by (12) and (13) with calibration
values of the enthalpy AH =2.6 kcal/mole and of the en-
tropy AS = 5.7 kcal-degree/mole. As we see, the suscepti-
bility of nitrite metHb has the same slope as the susceptibil-
ity of the solution, but exceeds it somewhat in absolute
values. An attempt to describe the behavior of intracellular
metHb with Eqs. (12) and (13) yielded best agreement for
A#=5.9 kcal/mole, AS =15 kcal• degree/mol (dashed
line through the experimental points), but with a slope
smaller than the experimental. The mentioned quantitative
disagreements between the behavior of j(D of nitrite
metHb in solutions and in cells can arise from the extremely
high sensitivity of Hb to the action of oxidizing agents,7'
which alter the spin state of the heme iron:26 the high-spin
state predominates in bound Fe-ONO, and the low-spin
state in Fe-NO2. Apparently in cells the equilibrium shifts
toward the low-spin states with increasing temperature. The
spin equilibrium of nitrite metHb in cells is also observed
upon titration. Figure 16 shows the pH dependence of the
magnetic susceptibility of erythrocytes containing nitrite-
metHb relative to the buffer at 20°, as obtained by the mag-
netic-capture method. The increase in susceptibility upon
protonation involves stabilization of the high-spin T form.

JX-/08, CGS units/cm3

20-

15

10
pH

FIG. 16. Magnetic susceptibility of erythrocytes containing nitrite methe-
moglobin relative to the buffer for different pH values (20 °C).
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FIG. 17. Relative magnetic susceptibility of oxygenated erythrocytes as a
function of the concentration of oxyhemoglobin in the buffer medium.

3.4. Use of erythrocytes as test objects

One measures by the magnetic-capture method the sus-
ceptibility of a particle relative to the susceptibility of the
buffer, which is assumed to be known. The converse can
happen: measurement of the susceptibility of the medium by
capture of a particle with known susceptibility. Thus, in Ref.
42 the susceptibility of blood plasma was measured in this
way, with a bubble of hydrogen used as the test object. As a
test object with known magnetic and hydrodynamic charac-
teristics, one can also use erythrocytes. Figure 17 shows the
dependence of the magnetic susceptibility of oxygenated
erythrocytes relative to the buffer when containing varying
concentrations of oxyHb (c"u

b
f). The measurements were

performed up to a concentration below 2 mM, since a change
in the cell shape was observed at higher concentrations. We
find from (5) under the assumption of additive contribu-
tions that the susceptibility of the cell relative to the buffer is

5C = (C" — 45y4>)(XHb — (14)

The point of intersection of the extrapolated dependence
with the axis of abscissas corresponds to the concentration of
hemoglobin in the cell, while the tangent of the slope angle
corresponds to the magnitude of the magnetic susceptibility
of the oxy form of Hb.

4. MAGNETIC PROPERTIES OF BILAYER LIPID MEMBRANES

4.1. Magnetic susceptibility of a lipid bilayer

In a lipid-water system at low lipid concentration multi-
layer spherical or cylindrical aggregates-liposomes-can
form spontaneously (Fig. 18). Each bilayer film amounts to
two Gibbs monolayers of amphiphiles with oleophilic
"tails" in the form of one or two hydrocarbon chains turned
toward one another.43 The thickness of a bilayer is ~ 50 A.
Such a bilayer film amounts to the simplest artificially creat-
ed supermolecular structure, and is a model of the core of a
biological membrane. Up to now there has been very sparse
information on the magnetic properties of such films.1>2 In
measuring the magnetic susceptibility of a suspension of li-
posomes, one must distinguish the membrane component
proper of the susceptibility from the overall signal, in which
the lipid component amounts to a quantity of the order of a
percent or several percent if the lipid exists in a lamellar
phase. In all probability this is precisely why the known
studies have been performed at a single temperature-room
temperature.

The high sensitivity of magnetic capture has enabled
performing measurements of the capture parameters of sin-
gle multilayer spherical liposomes of a natural lipid-egg le-

Polar
y head
/ Hydrocarbon
/P" tails

Two-tailed
amphiphile
molecule

FIG. 18. Schematic drawing of bilayer aggregates formed by phospholi-
pids in aqueous media: a-fragment of a lamellar structure; b-single-layer,
and c-multilayer spherical liposomes; d-multilayer cylindrical vesicle.
The shape parameters of the cylindrical vesicle subject to measurement
are shown.

cithin (EL) and estimating the magnetic susceptibility of a
bilayer made of this lipid.44 Subsequently the number of li-
pids studied in this way has been supplemented with a syn-
thetic phospholipid-dipalmitoyl lecithin (DPL) and a natu-
ral one-erythrocyte-membrane lipid (EML).45'46 The
compensative character of the measurements in magnetic
capture enables determining the susceptibility directly of the
membrane component of the vesicle, which depends on the
magnetic moments of the lipids forming the bilayer, their
mutual arrangement, the interaction with one another with-
in the bilayer, between the layers, and with the water sur-
rounding them. An aqueous suspension of liposomes con-
tains vesicles of varying dimension (radius ~3—4/^m) with
varying numbers of concentric bilayers. The density of the
lipids is close to that of water. The lipid vesicles practically
do not sediment, which substantially complicates the deter-
mination of the magnitudes of their effective Stokes radii-
ReS{. Therefore, in calculating the magnetic susceptibility of
a spherical liposome with respect to the buffer from its mag-
netic-capture data according to (5), the value of Reff of a
liposome has been assumed equal to the value of its geomet-
ric radius, which was determined by measuring the radius on
a monitor screen (Fig. 19).

The magnetic susceptibility Xt of the rth liposome rela-
tive to the buffer involves the susceptibility of the medium
Xbuf and of the lipid x\ by the evident relationship

_L
V,

(15)

Here V, is the volume of the measured rth vesicle, and y, is
the volume of the lipid component in it. Upon assuming that
the liposome consists of an integral number n of concentric
bilayers of identical thickness /, with /z/<^/?,,8> we find that
the product for each rth liposome is proportional to the num-
ber of bilayers nt in it. That is, we have
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FIG. 19. Typical histograms of the distribution of
liposomes of EL (a) and DPL (b) with respect to
values of ^-«,/3e.45
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(16)

The proportionality coefficient equals the magnetic suscep-
tibility of the bilayer packing of lipid molecules relative to
the buffer medium. Thus the experimentally determinable
values ofXjR,/3l of the vesicles being studied must coincide
with the sequence of discrete values «, (xt — Xbnt) for inte-
gral values of «,.

Figure 19 shows typical histograms of the distribution
of liposomes made of EL and DPL with respect to their val-
ues of j,/J,/3e. We see several maxima in each histogram.
Processing of the results of measurements of the values of
XfRi/^e of a large number of liposomes enabled finding
mean values of the proportionality coefficients (x\ — Xbuf)
such that the product (x\ — Xbur) best coincided for integral
n, with the maxima on the histograms. Precisely these inte-
gral values were treated as the lamellarity, i.e., as the number
of concentric bilayers in the measured liposomes, while the
proportionality coefficient (x\ — ;ft>uf) was treated as the
relative susceptibility per unit volume of the bilayer packing
of lipid molecules.

The histograms lack data on the distribution of lipo-
somes with a small number of bilayers. Slowly moving vesi-
cles were also observed in the experiments. However, the
time of magnetic capture of such particles is determined with
great error, and hence their susceptibility was not deter-
mined. The absence of maxima corresponding to a large

number of bilayers is due to both defects, the number of
which increases with increase in the lipid content in the lipo-
some (breakdown of concentric packing, inclusion of dry
lipid matter, etc.), and to breakdown of the condition

Figure 20 presents the magnetic susceptibilities of bi-
layers of DPL, EML, and EL measured in this way as func-
tions of the temperature. Each point in these dependences is
the result of processing the corresponding histogram of the
distribution of the vesicles being studied with respect to the
value ofxiRi/31- Here, in determining j, by (5), account
was taken of the variation with temperature of the viscous
properties of the medium but not the variation of its magnet-
ic properties, so that each value of^( T) shown in Fig. 20 was
obtained with allowance for the susceptibility of the medi-
um, which was assumed not to depend on the temperature,
and to equal the susceptibility of pure water.

As we see from Fig. 20a, with decreasing temperature
one observes a temperature-independent behavior of XDPL
down to the temperature of the main transition from the
liquid-crystalline state to the gel phase at Tc ~41 °C. Here
one observes a sign change of the magnetic capture-below
Tc the liposomes became more diamagnetic than the buffer,
and moved toward the filament into the region of least mag-
netic field around it. Below Tc the susceptibility proved to be
close to that of DPL in the crystalline state.47 According to
Ref. 48, upon solidification the bilayer of DPL undergoes a
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FIG. 20. Temperature dependences of the magnetic
susceptibility of bilayers. a-DPL; b-EML (1-on heat-
ing; 2-on cooling the suspension). c-EL, as obtained
by the magnetic-capture method. d-The same for a
15% suspension of EL obtained by measurement in a
magnetic balance. The cases of Fig. c and d were ob-
tained upon heating.
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transition to the P0 phase, accompanied by a change in the
molecular volume by about 7%. Yet the observed change in
the susceptibility of DPL in this transition (see Fig. 20a) is
substantially larger and cannot be explained alone by the
change in the molecular volume, as was assumed in Ref. 49,
where the data on JDPL ( T ) obtained by SQUID magneto-
metry are given in relative units.

The behavior is interesting of%( T) of bilayers of EML
and EL existing in the liquid-crystalline state and obtained
upon raising the temperature of the suspension (see Fig.
20b,c). The temperature dependences of the susceptibility of
the two natural bilayers have similar, sharply marked fea-
tures, unusual in form, at certain temperatures characteris-
tic of each of them. In studying the susceptibility of EML in
cooling from 40 °C, the features noted upon heating were not
observed. -Unfortunately the restoration of the values of
XEML with time was not studied.

At present it is difficult to measure in any other way the
susceptibility of a lipid bilayer from measurements of an
aqueous suspension of liposomes containing less than 1 %
lipid. Starting with the magnitude of the feature in x( T) in
EL at ~ 41 °C, one can expect resolution of this feature upon
studying a 15% aqueous suspension of EL with a highly-
sensitive Faraday magnetic balance. Studies were performed
on such a suspension, in which EL was assumed to exist in a
disordered lamellar phase. The results of these studies are
shown in Fig. 20d. As we see, in the region of 30 °C one
observes a small change in the susceptibility, which corre-
lates with the change in x (T) obtained by the magnetic-
capture method. In the region of 40 °C we observe a feature
similar to that obtained by using magnetic capture, on either
side of which we also do not observe an appreciable differ-
ence in the values of x- The measurements using a balance
showed that in EL, just as in EML, there is a temperature
irreversibility in x( T)-no feature was observed upon lower-
ing the temperature from 45 °C.

4.2. Magnetic capture of cylindrical liposomes and the
anisotropy of the magnetic susceptibility of the lipid bilayer

A method was proposed in Ref. 50 for determining the
anisotropy of the magnetic susceptibility of a bilayer in the
La phase. The magnitude of the difference between the lon-
gitudinal x\\ (along the director) and the transverse;^ (per-
pendicular to the director) of the components of the suscep-
tibility tensor was determined from the condition of equality
of the magnetic moment to the mechanical moment upon
rotation of cylindrical liposomes in the homogeneous mag-
netic field //0:

W(lntge o - ln tg9 ( )
Otll — (17)

Here <5, = In, is the thickness of the lipid layer of the lipo-
some, 6>0 and 0, are the angles between the direction of the
field and the long axis of the cylinder at the instant of turning
on the field and after the time t, respectively, Dk is the rota-
tional diffusion coefficient, Z,, is the length of the cylindrical
part, and /?, is the radius of the hemisphere closing the cylin-
der.

Magnetic capture of cylindrical vesicles enables one to
determine in the same way the magnitude of the anisotropy
of a lipid bilayer ̂ -;| — XL-

The process of capture of a cylindrical vesicle starts

20 40 T,°C

CO.
O
O

0,40

FIG. 21. Temperature dependences of the anisotropy of magnetic suscep-
tibility (x\\ ~ X L ) °f a bilayer of EL obtained upon heating the suspen-

with the phase of its rotation in the field, which occurs far
faster than the capture proper of the particle by the filament.
Measurement of the parameters of the rotation and capture
of such a particle enables one not only to determine the value
of the diamagnetic anisotropy x\\ ~ XL of the bilayer, but
also to simplify this procedure considerably, owing to the
possibility of independent determination of the lamellarity:
the number «, of bilayers is determined from the value of the
susceptibility of the cylindrical liposome measured and the
susceptibility of a bilayer as obtained in advance from mea-
surements on spherical vesicles. Then by using (17) and the
experimentally determined quantities 60, 6t, Dk, L,, R,,
and f, one calculates the value of the difference x\\ — XL •
Both methods: the magnetic capture of cylindrical vesicles
and their rotation in a homogeneous magnetic field yield the
same result within the limits of error of the measurements.
Figure 21 shows the results of measuring the temperature
dependence of x\\ — XL of a bilayer of EL as obtained by both
methods. As we see, this relationship has features at the
same temperatures as does XEL ( T ) . One can estimate from
the data of independent measurements of the diamagnetic
anisotropy x\\ — XL ancltne magnetic susceptibility ̂  of a
bilayer, which for spherical vesicles is (x\\ +2^i)/3, the
components of the diamagnetic-susceptibility tensor of a bi-
layer of lipid molecules. Thus, for EL, the components of the
tensor^ obtained from the data of Figs. 20c and 21 are given
in Fig. 22. We can see that the region of the features mani-
fests a simultaneous decline in both components x\\ and XL >
with XL declining more strongly. We note that the compo-
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FIG. 22. Calculated values of the longitudinal x\\ and transverse x\ com-
ponents of the magnetic-susceptibility tensor of a bilayer of EL as func-
tions of the temperature.
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nents of the tensor % in lipid systems have been determined
only for crystals of DPL at room temperature47 from the
rotation of microcrystallites in a homogeneous field and
from measurements of its mean susceptibility in a vibrating
magnetometer.

CONCLUSION

Magnetic capture belongs to the few methods that en-
able gaining information, without violating their integrity,
on a single functioning cell and on an artificially created
aggregate that models the cell membrane. The high sensitiv-
ity and universality-the possibility of measuring both dia-
magnetic and paramagnetic induced moments, as well as the
relative simplicity of the interpretation of the translational
displacement of a microparticle during its magnetic capture,
favorably distinguish this method of study. However, de-
spite a certain uniqueness, magnetic capture for a long time
did not find its due practical application. This mainly in-
volved not only the lack of ready-made laboratory instru-
mentation or of some of its components requiring jeweler's
precision, but also in many ways was determined by the lack
of the needed recording and computing technique capable of
substantially simplifying the measurement process. Precise-
ly the appearance of such a reliable videorecording tech-
nique having the necessary resolution and of sufficiently
powerful computers with television data input can give a
strong impetus toward the widespread use of magnetic cap-
ture. We note some fundamental lines, as we see them, for
such studies.

First there are the studies of the individual magnetic
properties of cells, to be conducted also with the goal of iden-
tifying their physiological states, and directed toward diag-
nostics and magnetic separation. Here is presented a broad
set of studies of the metabolism of cells, the influence on their
functioning of external agents and various types of ligands
artificially introduced into the buffer medium. Thus we can
already mention the possibility of magnetophoretic mea-
surement of the kinetics of enzymatic reduction of methe-
moglobin in individual erythrocytes and magnetic screening
for heterozygote carriers of an enzyme deficiency.51 Espe-
cially promising in our opinion are studies of the magnetic
screening of immunological binding of antibodies, proteins,
or virus particles without previous chemical modification of
them. The results obtained in our laboratory of the studies
begun along this line of studies allow us to hope for creation
of a new type of immunodiagnostics favorably distinguished
from the widely applied radioisotope, immunoenzyme, and
immunofluorescence methods.

Studies of the magnetic properties of liposomes-bilayer
aggregates that model the cell membrane-is another, quite
new application of magnetic capture. As yet not all is irre-
proachable from the standpoint of "purity" of experimenta-
tion. A subtle point is the magnitude of the Stokes resistance,
which was considered in the examples discussed above to be
invariant, and was determined from the geometric dimen-
sions of the vesicles. As we see from the example of erythro-
cytes, processes that occur inside the membrane can alter the
value of Reff of the cell. This can happen, e.g., owing to a
change in the area per molecule in the bilayer (this is indicat-
ed by the change in the components of the x tensor observ-
able in EL). In turn, this can alter the state of the near-
surface layer of the model aggregate or cell owing to a

change in various types of binding constants. In the case of
erythrocytes containing oxyHb (see Fig. 12), the tempera-
ture features of the magnetic-capture times, in determining
the susceptibility of a cell by using Eq. (5), are compensated
by the features of the values of RM observed at the same
temperatures. As a whole, they weaken the temperature-in-
dependent susceptibility of the entire cell. A knowledge of
the concrete values of the effective radii of liposomes, whose
measurement seems to be a quite solvable problem, can ei-
ther weaken or strengthen the observed features of^( T) of a
lipid bilayer.

Omitting a discussion of the results of studies of the
magnetic properties of bilayer lipid films as extending be-
yond the scope of this article, we note that the features in
X ( T ) observed in bilayers of EL and EML are explicitly
nonequilibrium in type, resembling more some dissipative
structures than structural phase transitions, as they are com-
monly termed at present.52 Perhaps magnetic capture is the
only possible method of studying the magnetic properties of
liposomes arising in an aqueous medium at concentrations of
lipid less than a percent. We can hope that we can obtain new
data based on these studies that will draw us closer to an
understanding of the nature of both the observed features
and of the lipid-lipid and lipid-protein interactions that de-
termine the structure and properties of the cell membrane.

11 Such widely known methods as the magnetic balance, EPR, or SQUID
magnetometry possess at least two orders of magnitude lower sensitivity
with respect to magnetic moment.

21 The possibility of diamagnetic capture and of determination of the mag-
netic susceptibility of small particles from the character of their motion
in a liquid medium near the surface of a magnetized cylinder was point-
ed out in Ref. 6. Ink the same place an experimental measurement was
made of the field distribution near a magnetized cylinder (from the
action of the force on a suspended bismuth particle), a graphical solu-
tion of Eq. (1) was presented, a proposal was made on the possibility of
diamagnetic capture, and paramagnetic capture of polystyrene particles
25-50 fj-m in diameter by a transversely magnetized rod was observed.

•" One uses a different scheme of capture for repeated measurements of the
magnetic capture of a given cell (see also Fig. 9).

4) Information on the content of methemoglobin in healthy erythrocytes
and its variations in pathology within the range 0.3-2.0% appears to be
very important. '6 The known spectrophotometric methods of determin-
ing methemoglobin enable one to detect the presence of methemoglobin
in cells at the level of 0.8-1.0%, but it is necessary to release the contents
of the cell and remove the membranes.

"One can find information on erythrocytes and on the structure and
functions of Hb, e.g., in Ref. 25.

61 The two different conformational states of the Hb molecule are T-tense,
and /{-relaxed, which differ in the degree of affinity for oxygen.

7) A 23-mM solution of NaNo, was used as the oxidizer. The presence of
the met form was monitored by the absorption spectra of hemolysates
and amounted to 97-99%.

81 The thickness of a bilayer is —40 A,43 so that this condition is easily
fulfilled for vesicles of radius ~4 /j.m and n ~ 10.
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