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ABSTRACT Naturally occurring and contaminant ferromagnetic and ferrimagnetic particles have been found within or near
cells, and might allow pulsed magnetic fields to create transient cell membrane openings (“pores”). We show that this
possibility is significantly constrained by the maximum rotational energy that can be transferred to the cell membrane. For
single biologically synthesized magnetosomes (radius rn,q ~ 10~7 m, magnetic moment . ~ 2 X 10~ % Am?) and typical cell
membranes, the estimated pulse magnitude must exceed B, =~ 6 X 10~ 3to 7 X 102 T, and the optimal pulse durations are
in the range 107° s < t . < 107" s. For larger contaminant particles with larger net magnetic moments, the pulse
magnitudes could be only somewhat smaller, and the optimal durations are about the same. Very large pulses that exceed
the coercive force of a particle are predicted to have a smaller effective magnitude and shorter effective duration.

INTRODUCTION

Magnetic particles of biological and foreign origin exist in
many biological systems, including human tissues (Cohen,
1973; Gould et al., 1978; Walcott et al., 1979; Valberg,
1984; Frankel and Liburdy, 1986; Kirschvink et al., 1992a;
Dunn et al., 1995). Unlike most cellular constituents, which
are weakly paramagnetic or weakly diamagnetic, some of
these particles have a residual magnetization in the absence
of an applied magnetic field (Valberg and Butler, 1987;
Kirschvink et al., 1992b). Moreover, these magnetic parti-
cles have a range of sizes and magnetic moments and have
proved valuable as biophysical probes of the cytosol (Val-
berg and Butler, 1987). Contaminant magnetic particles are
ingested or inhaled, and can have a wide range of sizes and
magnetic moments. The “representative particle” treated by
Valberg and Butler can be regarded as a ferromagnetic
prolate ellipsoid with major axis length @ = 0.9 wm, minor
axis length b = 0.3 um, and magnetic moment p = 1.5 X
107'* A m? Similarly, naturally occurring, biologically
synthesized magnetic particles (biogenic magnetite) have
been found in many different organisms (Kobayashi and
Kirschvink, 1995; Frankel and Liburdy, 1996). These nat-
urally occurring particles exist in the form of magneto-
somes, which are microscopic, bilayer membrane-encased
permanent magnets. Magnetosomes possess single mag-
netic domains and have been found singly and in linear
chains. An individual magnetosome can be regarded ap-
proximately as a sphere with radius r,,, = 1077 m and
magnetic moment x = 2 X 107! A m? Magnetotactic
bacteria and some animals have chains of 10 to 20 magne-
tosomes that are believed to be involved in magnetic sen-
sory function. However, magnetite exists not only in mag-
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netotactic microorganisms and some animals (Delong et al.,
1993; Kobayashi and Kirschvink, 1995; Frankel and
Liburdy, 1996), but also in mammalian tissues, including
human brain (Kirschvink et al., 1992a,b; Dunn et al., 1995).
It is generally believed that magnetotactic microorganisms
use chains of magnetosomes for orientation (Kirschvink and
Kirschvink, 1991), but the existence of magnetite in mam-
malian tissue is puzzling. Although it has been suggested
that magnetic steering of chemical reactions by magneto-
some membrane enzymes might occur (Kirschvink, 1994),
or that magnetite might be involved in evoked epileptiform
activity (Fuller et al., 1995), magnetite has no established
biological function in humans. The widespread presence of
both contaminant and naturally occurring magnetic particles
makes them candidates for participation in biophysical
mechanisms that allow magnetic fields to alter biochemical
processes at the cellular level. In spite of several decades of
interest in both types of particles, it is perhaps surprising
that (to our knowledge) no theoretical treatment of particle-
field interactions related to possible pore creation has been
reported.

Accordingly, we hypothesize that interruption of the bar-
rier function of the cell membrane might occur if pores were
formed by interaction of magnetic particles with the cell
membrane, because pores could lead to altered molecular
transport into and out of cells, and thereby alter cellular
function (Weaver, 1995; Weaver and Astumian, 1995).
Without perforation by protein channels or transient pores,
or involvement of shuttling carriers, the cell membrane is an
imposing and extremely effective barrier against the trans-
port of ions and charged molecules (Parsegian, 1969). In the
case of temporary pores, the detailed process by which
pores form in the phospholipid bilayer portion of a cell
membrane is not understood in detail, even though they are
believed to dominate the response of an artificial planar
bilayer membrane or cell membrane to highly elevated
transmembrane voltages (0.5 to 1 V). For example, electro-
poration is believed to involve formation of pores by a rapid
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transition from spontaneously occurring hydrophobic pores
to hydrophilic pores (Abidor et al., 1979; Weaver and
Chizmadzhev, 1996a,b), but the “transition states” that exist
during this membrane structural rearrangement are not
known. Nevertheless, considerable progress has been made
in understanding electroporation by considering the ener-
getics involved in pore formation and a statistical process of
homogeneous nucleation in a bilayer membrane (Abidor et
al., 1979; Weaver and Mintzer, 1981; Tsong, 1991; Weaver
and Chizmadzhev, 1996a,b). Here we treat only the ener-
getics of a hypothetical process that might result in the
formation of hydrophilic pores by energy transfer from
magnetic particles interacting with a magnetic field pulse.
The location and mode of attachment (if any) of magnetic
particles to cell membranes is not known, which provides an
additional rationale for pursuing estimates based solely on
energetics. Our approach therefore derives constraints that
give necessary conditions for pore formation, but not suf-
ficient conditions or the actual probability of pore
occurrence.

METHODS

Our overall approach is based on the energetics governing the formation of
hydrophilic pores in lipid bilayer membranes. The basic features of the
magnetic field interaction of small magnetic particles within cells have
been presented by others (Valberg and Butler, 1987). Translational motion
is negligible because the product of a particle’s magnetic moment, and the
spatial field gradient, u dB/dx, is small for most magnetic field pulse
sources. We therefore consider only the time-dependent rotational motion
of a magnetic particle. The particle is characterized by its mass m,,
moment of inertia /,,, and magnetic moment y; it rotates within a viscous
liquid (the cytosol) and interacts with biological material represented by a
torsional spring constant, k. The corresponding one-dimensional equation
of motion is

0=1,0+ B0+ 6 + 6. (1)

Here 7(0) = uB(t)sin(8 — 6,) is the torque on the magnetosome due to the
magnetic field, where 6, is the angle between the direction of the field
pulse and the equilibrium position of the torsional spring. B, = FVn is the
coefficient of rotational dissipation (Berg, 1983), where F (dimensionless)
is the particle’s shape factor, V is its volume, and 7 =~ 0.1 N s m~? is the
viscosity of the cytosol (Valberg and Butler, 1987; Kirschvink, 1992;
Adair, 1993; Polk, 1994). In addition to the single magnetosome and the
representative contaminant particle, we consider a chain of 10 magneto-
somes, modeled as an ellipsoid with major axis length @ = 2 wm and minor
axis length & = 0.2 um, with magnetic moment g = 2 X 107'* A m?
(Kirschvink et al., 1992a,b; Kirschvink, 1994). Table 1 gives the values of
F, V, and p for these three representative particles.

TABLE 1 Volumes, shape factors, and magnetic moments of
magnetic particles (for the representative particles used in
the simulations)

Particle Volume [m?) F w[A m?)
Sphere (radius = 0.1 pum) 42 x107% 6 20X 107"
Ellipsoid (major axis = 42 x107% ~16 1.5 x 107"
0.9 pm; minor axis =
0.3 pm)
Chain (length = 2 um) 42X 1072 ~96 20x 1074

Bro = FV,, is the coefficient of rotational dissipation.
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To account for an elastic restoring force, we estimate a value for «, a
torsional spring constant, by considering stretching of the cell membrane.
Little is known about how magnetic particles might be attached to cell
membranes, so only an estimate is possible. An extreme case is that there
is no attachment, with the magnetic particle rotating subject only to a
viscous drag within the cytosol. In this case there is no energy transfer to
the cell membrane and no pore creation is possible. We will not consider
this case further.

A more interesting case treats the magnetic particle as a dense, rigid
body that is strongly coupled to a cell membrane. In the case of a
magnetosome, which is surrounded by a tightly fitting bilayer membrane
with membrane proteins, localized attachment could occur by covalent
bonds between adjacent pairs of membrane proteins. The energy trans-
ferred to the cell membrane need involve only a small attachment area. In
the case of magnetosomes, this could involve covalent attachment between
only two adjacent membrane proteins, because the bonds would be strong
enough to withstand the magnetosome’s motion (several hundred kT of
energy are required to break a few covalent bonds). In the case of con-
taminant particles, for which far less is known, the case of tight attachment
will provide a lower-bound constraint for the magnitude of the magnetic
field pulse required for pore creation.

We make an order of magnitude estimate of k by considering a restoring
torque that accounts for the nondissipative component of cell membrane
stretching. Characteristic pulse times less than about 0.1 s are needed to
avoid dissipative membrane accommodation that would prevent net mem-
brane deformation (Hochmuth and Waugh, 1987). Moreover, we assume
that the elastic restoring force is associated with a strip of cell membrane
with linear dimensions about the same as those of the magnetic particle,
and an area elastic modulus. Therefore, we set k = AyK, where 4, is a
characteristic area for the particle, and K, ~ 0.4 N m™' is the cell
membrane elastic modulus (Hochmuth and Waugh, 1987). We consider
two different order of magnitude estimates for A,: 1) the product of the
semimajor and semiminor ellipsoid axis lengths, and 2) the surface area of
the particle. These do not provide strict limits for the participating area, but
instead give an order of magnitude for plausible values (Tables 2 and 3).

To consider the energetic constraints on possible pore formation, we
note that the pore creation energy is much larger than kT. In spite of the
many artist’s drawings in the literature, the actual structure of a hydrophilic
pore is unknown (Weaver, 1993). Nevertheless, reasonable quantitative
descriptions of a related phenomenon, viz. electroporation (Abidor et al.,
1979; Weaver and Mintzer, 1981; Freeman et al., 1994; Weaver and
Chizmadzhev, 1996a,b), have been achieved by using a cylindrical pore of
radius r,, and length equal to the membrane thickness, # ~ 7 nm. The
energy of a pore in a membrane with transmembrane voltage U is

W,(r,, U) = 2myr, — @l'r}
(2)

m(K, — K\)g,U* [*

W o?rdr,

Tp.min
where 1y is the edge energy density, typically y~ 1 — 3 X 107" Jm™";
T is the membrane surface tension, typically ' ~ 107* J m~% K, and K,

TABLE 2 Area factors (product of axes) and « values for the
representative magnetic particles

Particle Ay [m?] k [N m]

Sphere 10~ ' 40x 107"
Chain 1073 40X 107"
Ellipsoid 68 x 107" 27X 107

k = AoKg is the coefficient of the elastic restoring torque of the membrane,
where K = 0.4 N m™' is the area elastic modulus of the membrane
material. A, is chosen to be the product of the semimajor and semiminor
axis lengths of an ellipsoidal magnetic particle. See Table 3 footnote.
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TABLE 3 Area factors (surface area) and « values for the
representative magnetic particles

Particle A, [m?) k [N m]

Sphere 1.3x 10713 50X 107"
Chain 99 x 1071 40 x 107"
Ellipsoid 7.0 X 1073 2.8x 10713

A, is taken as the surface area of the magnetic particle. See Table 2
footnote. As discussed in the text, together Tables 2 and 3 provide order of
magnitude estimates.

are the dielectric constants of water and lipid, respectively; and &, is the
permittivity of free space. The function « is

2ho. 3)

alr) = [1 +

and accounts for the electrical spreading resistance at the entrance and exit
of the pore, hindered transport within the pore, and the Born energy
repulsion that reduces the ion concentration within a pore (thereby reduc-
ing o,,, the reduced conductivity within a pore). Here o, is the bulk solution
conductivity, and o,(r) was computed numerically by solving Poisson’s
equation for a series of different ion/pore configurations (Wang, 1992).
This yielded a numerical solution for the electrostatic energy change,
AW,;0(r), as an ion moves into a pore. The maximum vatue, AW, ..(7),
is experienced at the membrane midplane and was used in a Boltzmann
factor to provide a scaling factor that estimates the smaller electrical
conductivity of the solution inside a pore. This results in numerical values
for o(r) that are smallest for the minimum size pore, and that asymptot-
ically approach o, as r — © (Wang, 1992).

A minimum size hydrophilic pore has r,,;, ~ 1 nm (Weaver and
Chizmadzhev, 1996a,b), but for significant molecular transport somewhat
larger pores should also be considered. We assume that pores with radius
TFpmin OF larger must be created in the presence of a typical resting
transmembrane voltage, U =~ 0.1 V. For values of U less than about 0.2 V
and representative values of vy, Eq. 2 is well approximated by the first term.
In this sense, W, is dominated by the “edge energy” contribution. We
choose the representative value y = 2 X 107'' J m™', which is consistent
with our previous electroporation theoretical work. For 7, 1, = 1 nm, the
corresponding pore creation energy is

Wo(rpmin, U = 0.1 V) = 2ayr, i = 30 kT. 4)

The appropriate values of +y are those for small pores. Electroporation
experiments with artificial planar bilayer membranes have yielded inferred
values of y = 3.3 X 1072 J m~" (phosphatidyicholine), y = 8.6 X 10~ '?
J m™" (phosphatidylcholine in the presence of lysophosphatidylcholine),
and ¥y = 1.7 X 107" J m™" (phosphatidylethanolamine) along with an
average pore radius 7, = 0.65 nm (Chernomordik and Chizmadzhev,
1989). More direct determinations have been made for large pores using
very large liposomes attached to a micropipette, and these give y = 9.2 +
0.7 X 107'2J m™', for a stearoyloleoylphosphatidylcholine membrane and
y=31201X 107" J m™! for the same membrane with 50 mol%
cholesterol added (Zhelev and Needham, 1993). Thus, the literature values
support the use of ¥ = 172, X 107" J m™'. The numerical value of y
varies with membrane composition, which could increase or decrease W,
for different cell types.

Our estimates also neglect the barrier associated with the temporary
membrane structural rearrangements (“transition states”) that are passed
through as a pore is created. In principle these temporary rearrangements
depend on how energy is coupled into the membrane, and therefore may be
different from the temporary rearrangements involved in pore creation
during electroporation. Moreover, although a pore’s transport properties
can be described by considering a small cylindrical hole in a membrane, it
should be noted that pore creation involves rearrangement of membrane
molecules within a region much larger than the pore’s aqueous interior
(Fig. 1). The temporary structural rearrangements associated with pore
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FIGURE 1 Typical drawing of a hypothetical hydrophilic pore (Abidor
et al., 1979; Weaver, 1993). (A) Cross-sectional view along the minimum
diameter, 2r, i, of the pore opening. (B) Midplane view, indicating the
minimum membrane area. Although the structure is not known, the de-
picted membrane structural rearrangement emphasizes the view that pore
formation involves membrane area that significantly exceeds the pore
opening, mf,'min. The membrane thickness is # = 7 nm. As indicated by
this drawing, the area of participating membrane is at least m(r, o +

h12)%.

formation may involve a still larger membrane area than those involved in
the “final state” that includes a pore. As illustrated in Fig. 1, this minimum
area of membrane involvement in the final, pore-containing state is

h 2
Am,min = 7T|:rp.min + E:I ’ (5)

where h is the membrane thickness. Inspection of Fig. 1 shows that a
circular patch of membrane with minimum diameter 2r,, .,;, + h must be
involved in the temporary structural rearrangement associated with pore
formation. Thus, the membrane area involved in pore creation is much
larger than 'rrrf,_mi,,, and elastic energy deposited in the membrane over the
larger area may be able to contribute to pore formation.

Our approach to estimating an energetic bound for pore creation as-
sumes that the maximum elastic energy transiently stored in the membrane
originates from the rotating magnetic particle. This maximum possible
energy transfer is equal to the rotational elastic work

(Al)pulw .
Wmt,elas = KOG dta (6)

0
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and was computed using numerical solutions to Eq. 1. To provide
insight into what is important, we used three different magnetic puise
shapes to estimate values of B, needed to create a pore: 1) a half period
sine wave, B(1) = B, sin(mt/(An),,..); 2) a ramp, B(t) = Bot/(Al) e
(the rising portion of the pulse); and 3) an exponentially decaying pulse,
B(1) = B, exp(—1/(An,,1.0)- In each case (A1), is a characteristic time
of the magnetic field pulse. For the half period sine wave, (A, is
one-half the period, so the frequency of the pulse is f = 1/(2(A1),.)-
A numerical solution has the advantage that quantitative results can be
obtained for a wide range of conditions, but the disadvantage is that the
dependence on basic parameters is not apparent. However, in the limit of
long-duration pulses and negligible viscous dissipation we can obtain an
analytic expression that is independent of pulse shape details, because
pulses of equal magnitude, B, result in equal energy deposition into the
membrane. As shown in the Appendix, in this limit the energy is

2p2
K Bj
Wrm,elas = 2k (7)

Equation 7 leads immediately to the peak field magnitude needed for
possible pore creation,

V26 Woreiss _ ATV minAoKe

8
" " (&)

B()

Equation 8 shows the dependence of B, on basic parameters of the model.
In particular, we note that for a chain of N,.;, magnetosomes, both the area
factor, A, and the magnetic moment, g, are proportional to N,.i., 50 B,
varies as N_,\i2. In the case of chains of different size magnetosomes, p can
be scaled appropriately to estimate the peak field.

It is useful to distinguish “long-duration” pulses, i.e., those with char-
acteristic times longer than (Af),,,. = B/«. For pulses that are shorter than
B/k, significant energy is dissipated within the cytosol, and B, must exceed
these values to create a pore. For the range of « used here, B/k ~ 107% s
to 107° s, so (Af),1c must be longer than this for most of the magnetic
work to go into the potential energy of the effective torsional spring, with
almost none dissipated by the frictional force. Such pulses are therefore the
most “efficient” for possible pore creation.

It should be noted that the response of magnetic particles to magnetic
field pulses is predicted to be extremely rapid. For example, consider a
single magnetosome in the purely viscous case (zero restoring torque), for
which the characteristic time to reach terminal rotational velocity is 7, =
1,/B =~ 107'°s. This extremely short relaxation time indicates that inertial
effects are not important for the time scales that we have considered.

A final consideration is the possibility that the pulse exceeds the
coercive force, H. of the magnetosome. If B, > u,H,., then the
magnetization itself can shift to a new orientation with respect to the
particle. That is, the direction of ;1 is altered, but the particle itself does
not rotate further. For a spherical particle the coercive force is deter-
mined by the magnetocrystalline anisotropy, and is given by

2K,

=—, 9
o ©)

C

where K, is the anisotropy energy density constant, J, is the magnetization,
and p, is the permeability of free space (Kittel, 1949). u, = 47 X 1077
N A72, and for magnetite, K, = 1.3 X 10° Jm™* and J, = 4.8 X 10° A
m~'. The field strength that can reorient the magnetic moment without
additional particle rotation is therefore

2K1 _9
Bc=p,0Hc=T=5.4><10 T (10)

8

for a spherical particle.

For each sphere in a chain, the coercive force will be somewhat larger than
that of an isolated sphere, because the other spheres in the chain help enforce
the magnetization direction. For simplicity, however, we also use Eq. 10 for a
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chain, recognizing that it provides a lower limit for B.. For the ellipsoidal
particle representing a contaminant particle, Valberg and Butler (1987) report
the coercive field strength B, = 2.5 X 1077 T, and we use this value.

The concept of an “effective pulse” can be used to estimate energetic
constraints for very large magnetic field pulses that exceed B,.. Specifically,
the time at which a pulse reaches a magnitude of B, defines an effective
pulse duration, (Af),;.. o because only this initial portion of the pulse can
rotate the magnetic particle. In the case of a very large pulse with a nearly
linear rise, this gives the relation

B,
(At)pulse.eff = [B_O](At)pulse; BO > Bc . (1 l)

This effective pulse length is dependent on the nature of the magnetic
particle, because B. depends on both composition and particle geometry.
Very large magnetic field pulses that have a leading edge that can be
approximated by a ramp are therefore expected to have energetic con-
straints in which (Af),. e Teplaces the complete pulse rise time. More-
over, the effective pulse magnitude is reduced to

Byete = B, (12)

so that the two effective values of Eqs. 11 and 12 greatly constrain the
ability of very large pulses to satisfy the energetic constraints for mem-
brane pore creation.

RESULTS AND DISCUSSION

Figs. 2-4 each show results of numerical simulations that
use Eq. 1 to determine the smallest magnetic field magni-
tude that achieves 30 kT for the elastic energy term. This
energy could therefore be available to the membrane for

Minimum B field pulse magnitude for pore creation vs. time (Sphere)

10 T T T T
10k * Ramp E
o Sine
X Exponential
w0 | x —— Product of axes
ENY
E AN — - Surface area
[ae]
107 E
B
107k 4
10'3 1-8 A.G |—‘ 1
10 10 10 107

Characteristic time [s]

FIGURE 2 Theoretical predictions of the minimum magnetic field pulse
magnitude, B, for pore creation plotted against the pulse duration,
(Af),yy for a single magnetosome. Two families of curves are plotted,
corresponding to the two choices of area factor (see text and Tables 1-3).
The predicted values of B, are plotted for three different pulse shapes: a
ramp, a half sine wave, and an exponential (see text). The fact that similar
behavior was obtained for three different, idealized pulses supports the
conclusion that the pulse shape is relatively unimportant, and that the peak
magnetic field is the most important attribute of the pulse. The horizontal
line labeled B, indicates the coercive force for a single magnetosome.
Above B_ the magnetic moment can reorient with respect to the magneto-
some, such that the magnetosome does not rotate further.
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Minimum B field pulse magnitude for pore creation vs. time (Ellipsoid)
10 T T T T

10 | * Ramp 3
O  Sine

X Exponential
— Product of axes
- - Surface area

10™ 10
Characteristic time [s]

FIGURE 3 Same as Fig. 2, but for an ellipsoidal particle that represents
a typical magnetic contaminant.

possible pore creation. All of these numerical results show
that a huge magnetic field magnitude is needed for short
pulse durations, viz. (Af)p,e < 107° to 107 s. The tran-
sition region between “short” and “long” pulses is not
exactly the same for all of the computed cases, because the
value of B/« is different in each case. As shown in Fig. 2, for
the spherical magnetic particle the transition region is
around 107 s to 1077 s for the “product of axes” area (A,
= 10""* m?), but is displaced by about an order of magni-
tude toward shorter times of about 10~ s to 10~ s for the
“surface area” case (4, = 1.3 X 107'* m?), which has a
13-fold larger area. A larger effective area results in a larger
viscous drag, so even for relatively longer duration pulses
with their smaller angular velocities, the viscous effects
become important. The smaller area case, however, leads to
a smaller predicted field magnitude, about B, = 1.6 X 1072
T compared to 5.7 X 1072 T for the “surface area” case.
This dependence on the area is evident from Eq. 8.

Similar behavior is shown in Fig. 3, for the ellipsoidal
particle, which represents a typical magnetic contami-
nant. This larger particle has a much larger magnetic
moment (e, =~ 1.5 X 107" A m?, compared with
Mephere =~ 2 X 1072 A m?), but also has a bigger area
factor. The resulting greater value of « leads to a transi-
tion region at a longer pulse duration, as expected. How-
ever, the greater magnetic moment gives a smaller pre-
dicted field value for the long-duration pulses: B, =
5.5 X 1073 T for the “product of axes” case, and 1.8 X
1073 T for the “surface area” case.

Fig. 4 shows that the predicted results for a chain of 10
magnetosomes are nearly the same as for the ellipsoidal
particle. In this case the magnetic moment is slightly higher
(Mepain = 2 X 107'* A m?), as are the two area factors. The
predicted field magnitude for long-duration pulses is By, =
5.1 X 1073 T for the “product of axes” case, and 1.6 X 1073
T for the “surface area” case.
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It should be noted that the analytic expression for the
pulse magnitude (Eq. 8) is valid for the longer duration
pulses, where the predicted pulse magnitude is the smallest.
This is presumably the region of greatest interest for exper-
imental testing of the hypothesis that magnetic particles
interacting with magnetic field pulses can create membrane
pores. Moreover, it is presumably most relevant to concerns
relating to exposure of humans to magnetic fields. This is
also the region where the dependence on the parameters of
the model can be most easily seen (Eq. 8). Thus, for exam-
ple, if we had used y = 3 X 107" J m™! rather than y =
2 X 107" T m™%, all of the predicted field values for B,
would be smaller, by almost a factor of 2.6. Thus, for
example, a spherical magnetosome with the smaller area
factor has a predicted value B, ~ 6 X 1073 T.

Both the analytic limiting expression and the numerical
simulations support the same conclusion: the most impor-
tant aspect of a magnetic field pulse is its magnitude, B,
The predicted values of By, as a function of (Ar),,, for the
three pulse types show that there are significant constraints
on the interaction of small magnetic particles, such as mag-
netosomes, with time-varying magnetic fields, and Figs. 3
and 4 show that larger magnetic particles are only somewhat
less constrained. For pulses longer than about 107> s, the
field magnitude threshold is expected to be approximately
independent of pulse duration down to about 0.1 s. For the
single magnetosome that we considered, the threshold field
is By~ 6 X 1072 to 7 X 1072 T for pulse durations in the
range (Af),yee = 107° s to 107" s. As expected, if larger
magnetic moments are involved, the predicted fields are
smaller. It is clear from Fig. 2 that the field magnitude
threshold is independent of pulse shape for the longer pulse
durations. During these long pulses, very little energy is
dissipated within the cytosol, and in this case all the mag-
netic work could be deposited temporarily into the mem-
brane as elastic energy, as a prelude to pore creation. There-

Minimum B field pulse magnitude for pore creation vs. time (Chain}
10° T T T Y

% Ramp 3
o Sine

X Exponential
— Product of axes
- ~ Surface area

10° 10° 10
Characteristic time [s]

FIGURE 4 Same as Fig. 2, but for a linear (rigid) chain of N, = 10
magnetosomes.
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fore, the potential ability to create pores depends only on the
peak value of the field, By, not on the detailed behavior
before and after this peak is reached.

Magnetic field pulses for biomagnetic stimulation of
nerves by their induced electric fields are intended to initiate
action potentials (Barker et al., 1985; Ueno, 1994) and are
candidates for creating membrane pores by interacting with
magnetic particles. A typical pulse has an approximately
linear rise to 2 T within the first 100 ws, and then decays
relatively slowly (Barker, 1994). The pulse rise time (10™¢
s) is itself well within the pulse duration region for the
smallest B, values (Figs. 2—4). However, considering the
almost linear rise, for an ellipsoidal contaminant particle,
the coercive force field, B, = 2.5 X 1072 T, is exceeded
after about only 1 X 107 s. This implies that the effective
pulse capable of rotating the magnetic particle has magni-
tude By ¢ =~ 2.5 X 1072 T, and this effective pulse has a
much shorter effective duration, (Af),yseerr = 1 X 1076 s.
Inspection of Fig. 2 shows that the effective pulse lies
within the region where viscous dissipation begins to be-
come important. Specifically, for (Af) e e = 1 X 1076,
a pulse of magnitude B, ~ B, is required (Fig. 3). Thus,
perhaps surprisingly, this type of biomagnetic stimulation
pulse interacting with a typical contaminant magnetic par-
ticle barely satisfies the energetic constraints for creating a
pore. However, in the case of a spherical magnetosome (B,
= 5.4 X 1072 T), the effective pulse duration is (AD)puise e
~ 2 X 107° s. Inspection of Fig. 1 shows that for this
effective pulse duration the required field magnitude is
smaller, B, ~ 2 X 1072 T < B_. Thus, pore creation
involving individual magnetosomes may be possible. Were
this to occur, chemical exchange between the intra- and
extracellular compartments could be increased. Given the
finding of biological magnetite in human brain tissue, this
possible interaction should be considered along with the
intended induced electric field nerve stimulation. Interest-
ingly, the magnetically induced electric field is extremely
large, ranging from about 100 to 500 V m™"' over the first
100 us of the pulse (Barker, 1994). Electric fields widely
used to cause electroporation of mammalian cells are about
two orders of magnitude larger in magnitude, and usually of
about one order of magnitude longer duration (Weaver and
Chizmadzhev, 1996a,b). The observation that low-fre-
quency (0.1 to 1 Hz) fields of order 5 X 10° to 2 X 10* V
m~! can cause cellular uptake of DNA (Xie and Tsong,
1990) suggests that multiple pulses of the magnitude used in
magnetic stimulation could be investigated, but is beyond
the scope of this paper. Similarly, the rare but large mag-
netic field pulse associated with quenching of superconduct-
ing magnets such as those used in magnetic resonance
imaging could be considered.

We emphasize that this analysis does not predict that
pores are created, only that energetics impose significant
constraints. However, the hypothesis that pores can be
created by an interaction between magnetic field pulses
and magnetic particles near cells could be tested exper-
imentally using methods developed for electroporation
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studies. Charged, normally impermeant fluorescent mol-
ecules could be provided extracellularly; then, different
magnetic pulsing conditions can be tested to see which
ones cause a subpopulation of cells to take up these
otherwise impermeant molecules (Prausnitz et al., 1994;
Gift and Weaver, 1995). The theoretical estimates pre-
sented in this paper provide strong energetic constraints
on what types of pulses could lead to molecular uptake by
a hydrophilic pore creation mechanism.

APPENDIX

For magnetic pulses of long enough duration [(Af),,,, >=> B/k], negligible
energy will be associated with the viscous term of Eq. 1. Instead, essen-
tially all of the energy of the magnetic field pulse will be represented by the
elastic term. The interaction energy can be most easily calculated by
considering the torques involved. If there is negligible dissipation by the
viscous liquid, the torsional spring is quasistatically stretched by the
twisting magnetic particle, such that the elastic restoring torque matches
the applied magnetic torque at all times,

k0() = uB(1).

Note that we have used the linearized equation, which is valid if the pulse
magnitude is not too large compared to «/p. Therefore, the maximum
rotation angle of the magnetic particle occurs at the peak field value,

(AD)

pBy
Omax = —, (A2)
K
and the maximum rotational elastic energy is
1 wB;
Wmt‘elas = E Kerznax = 2k’ (A3)

which is Eq. 7. Note that this equation is independent of the pulse shape.
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