MAGNETIC RESONANCE IN MEDICINE

Relaxometry and Magnetometry of Ferritin

Rodney A. Brooks, Josef Vymazal, Ron B. Goldfarb, Jeff W. M. Bulte, Philip Aisen

By combining nuclear magnetic relaxometry on 39 ferritin
samples with different iron loading with magnetometry, re-
sults were obtained that suggest a new interpretation of the
core structure and magnetic properties of ferritin. These stud-
ies provide evidence that, contrary to most earlier reports, the
ferritin core is antiferromagnetic (AFM) even at body temper-
ature and possesses a superparamagnetic (SPM) moment
due to incomplete cancellation of antiparallel sublattices, as
predicted by Néel’s theory. This moment also provides a likely
explanation for the anomalous T, shortening in ferritin solu-
tion. However, the number of SPM moments derived from this
model is less than the number of ferritin molecules deter-
mined chemically, and a similar discrepancy was found by
retrospectively fitting previously published magnetometry
data. In other words, only a fraction of the ferritin molecules
seem to be SPM. The studies also provide evidence for para-
magnetic (PM) Curie-Weiss iron ions at the core surface,
where the local Néel temperature is lower; these ions are
apparently responsible for the weaker T, shortening. In fact,
the conversion of uncompensated AFM lattice ions to PM ions
could explain the small number of SPM particles. The appar-
ent Curie Law behavior of ferritin thus appears to be a coin-
cidental result of different temperature dependences of the
PM and SPM components.
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INTRODUCTION

Ferritin is nature’s ubiquitous iron-storage molecule,
found in species ranging from microbes to man. It con-
sists of a roughly spherical protein shell called apofer-
ritin (molecular weight = 450,000 kD), inside which iron
accumulates in the form of a ferric oxyhydroxide crystal.
The outer diameter is 12 nm, irrespective of the amount
of iron stored within. Although its physical, chemical,
and magnetic properties have been studied for more than
50 years, ferritin remains a subject of current research
(1-8), with many implications for biology and medicine
(9-14). In particular, ferritin is an important contributor
to T, and T, relaxation, which effectively determine im-
age contrast in MRI (15).

By combining nuclear magnetic relaxation studies and
magnetization measurements, we have obtained a num-
ber of unexpected results that question some long-held
beliefs.
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SAMPLE PREPARATION

Thirty-seven ferritin samples with loading factor LF =
50-3400 were prepared in buffer (0.05 M MES, 0.1 M
KCl, pH 6.5) by slow aerobic addition of ferrous iron to
horse spleen apoferritin (33 samples; Sigma, St. Louis,
MO) and ferritin (four samples; Boehringer Mannheim,
Indianapolis, IN). The samples were allowed to oxidize
by ambient dioxygen, with deposition of resulting Fe®**
on the growing ferric oxyhydroxide core. Samples of
unprocessed Sigma ferritin (LF = 1900) and unprocessed
Boehringer ferritin (LF = 2740) were also included. Ex-
cept for one batch of 17 Sigma samples, centrifugation
was performed to remove small precipitates that formed
at the higher loading factors. Weakly bound and extrane-
ous iron was minimized by passage through a column of
chelating resin (Chelex 100, BioRad, Hercules, CA), and
the preparations were concentrated by ultrafiltration to
protein concentrations of 5-15 mg/ml. Final concentra-
tions of iron and protein were measured by a FerroZine-
based assay (Aldrich Chemical Co., Milwaukee, WI) and
a modified Lowry method (16), respectively, and the
loading factors were calculated.

RELAXOMETRY
Background

Nuclear magnetic relaxometry is a powerful tool for
studying paramagnetic (PM) and superparamagnetic
(SPM) particles by observing their effect on the nuclear
magnetic relaxation times T, and T, of solvent water
protons as a function of magnetic field H (or, equiva-
lently, Larmor frequency f). In the first such study of
ferritin in solution, it was stated that the iron core has no
effect on T, (17), but this finding was later contradicted
(18). A strong T, effect was also seen (17-20), with an
anomalous linear dependence on magnetic field (18, 19)
and an uncertain dependence on LF (18, 20).

Methods

T, and T, were measured with a variable-field relaxom-
eter (19) at magnetic fields H = 0.025-1.5 T (f = 1-64
MHz) and temperatures T = 3°, 23°, and 37°C. T, was
determined from 32 saturation recovery sequences, and
T, was determined from a CPMG sequence of 100-500
spin echoes with 2-ms interecho time. Reciprocals were
taken, buffer values were subtracted, and the results were
divided by the mM ferritin concentration to obtain T,
and T, relaxivities (s™*/mM protein).

Results

In Fig. 1, the T, relaxivity is plotted versus LF at 37°C and
1 T. Previously published results (18, 19) are included
(after multiplying by 9 to convert to the present units).
The data sets at each temperature and field were fitted
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FIG. 1. Semilogarithmic plot of T, relaxivity at 1 T and 37°C.
Present results (triangles) are shown along with previously pub-
lished data (circles) (18, 19). The solid line is an empirical fit using
Eqg. [1], omitting uncentrifuged samples with LF > 100 (open
triangles). Note: The curvature, which is concave upward here,
would be concave downward on a linear plot.

with the empirical function

1/T, = A+ B LF? [1]

Outliers were omitted from the fitting, including 10 un-
centrifuged samples with LF > 100 and the unprocessed
Sigma sample. Fitted parameters for the data of Fig. 1 are
A =113, B=0.231, and 8 = 0.67. T, data at other fields
and temperatures were sometimes more variable, and a
three-parameter fit was not always meaningful; however,
a reasonably good fit of all data was obtained by fixing
at 0.67 (estimated uncertainty = 5%). The resulting val-
ues of A and B are shown in Fig. 2.

The behavior of 1/T, is different; it becomes much
larger than 1/T, for LF > 100, and its dependence on
frequency is consistently linear. Thus, the 1/T, data can
be summarized by presenting the 1/T, vs. f slopes, as in
Fig. 3. Again, previously published data are included.
Note that the T, outliers are from a different batch than
the T, outliers. If this batch is omitted from the fitting, we
find that the slopes are approximately proportional to LF,
with coefficients 0.0048 (s~ !/mM)/MHz at 37°C (solid
line in Fig. 3), 0.0060 (s~*/mM)/MHz at 23°C, and 0.0083
at 3°C.

Discussion
T,

The value B = 0.67 is somewhat less than the 0.75 value
suggested earlier (18), but it is based on more than 2000
T, measurements on 39 samples versus fewer than 100
measurements. From the standpoint of using MRI mea-
surements of T, to help determine tissue iron content (8),
a linear relationship would have been preferable since,
for a given amount of iron, T; would then be indepen-
dent of LF. However the LF*® dependence may not
present problems if the range of LF in vivo is not too great.

The parameter A represents the value of 1/T, extrapo-
lated to LF = 0; i.e., it gives the contribution of apoferritin
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plus any noncore Fe ions that may be present. Indeed, the
behavior of A (Fig. 2a) is virtually identical, in magnitude
and frequency dependence, to 1/T, for apoferritin with
several bound Fe ions (17), and the downward tempera-
ture dependence is consistent with the decrease in vis-
cosity at higher temperature.

.The coefficient B represents the core contribution to 1/T;.
It has a somewhat different frequency dependence than A
(Fig. 2b), with a smaller dip followed by an increase for
f> 10 MHz. Also, the temperature dependence is smaller,
more variable, and generally in the opposite direction. Our
initial attempts to explain this behavior with theories of
relaxation by SPM moments (21, 22) were not successful.
There are, however, a number of observations that suggest a
PM origin. (a) The frequency dependence of B is similar to
that of other PM ion-protein complexes (23, 24). (b) The
magnitude of B (approximately 45 s~*/mM for LF = 3000)
is similar to the effect of approximately 15 Fe®* ions bound
to apoferritin (at pH 4.9) (17). (Although 15 is a reasonable
number, it should not be taken literally, since the relaxation
effect per ion may vary widely for different chemical sites.)
(c) The small positive temperature dependence of B is con-
sistent with exchange-limited “inner-sphere” PM relax-
ation. (d) The value B = 0.67 is consistent with a surface
contribution, since the surface area of a regular solid is
proportional to the two-thirds power of its volume. Thus,
all observed properties of T, can be explained on the basis
of inner-sphere relaxation by PM Fe®" ions at the core
surface. .

T,

An unusually short T, in the presence of magnetic par-
ticles is usually considered to be a microscopic suscep-
tibility effect, caused by dephasing of water protons as
they diffuse through field gradients created by the in-
duced magnetization of the particles. Furthermore, the
temperature dependence of T, is consistent with outer-
sphere (i.e., diffusion) relaxation theory, because of the
change in viscosity with temperature. Even the fact that
different samples are T, and T, outliers (cf., Figs. 1 and 3)
is consistent with the concept of different relaxation
mechanisms, i.e., T, is affected by external PM ions and
T, by an SPM moment arising from the core structure.
However, the linear dependence of 1/T, on frequency,
seen only in solutions of ferritin (18, 19) and other ferric
oxyhydroxide particles (25), is not consistent with stan-
dard relaxation theory, and the linear dependence on LF
is similarly difficult to explain. (A quadratic dependence
on LF was reported at 9.4 T (20), but it was based on only
five data points and there was appreciable uncertainty in
the fitting.) Now, according to Curie’s Law, the average
aligned magnetization of each particle increases linearly
with applied field and quadratically with its magnetic
moment w,. Thus, 1/T,, which is theoretically propor-
tional to the square of the aligned magnetization, should
be proportional to f* and to u,*. But the former relation-
ship is contrary to observation, and the latter implies u,
o LF'/%, which is counterintuitive. However, if we accept
as an empirical fact that 1/T, depends linearly on the
aligned magnetization (based on the observed linear de-
pendence on f), then the dependence on p, is reduced
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FIG. 2. (a) Fitted values of A (1/T, extrapolated to LF = 0) for temperatures of 3 (), 23 (A), and 37°C (@). (b) Similar plots of B (coefficient

of the core contribution to 1/T,).

from p,* to .2 (18). This leads to u, « LF*/2, arelation (as
we will see later) that is in accord with theory.

In summary, the magnitude of the core contribution to
1/T,, its dependence on loading factor, and its depen-
dence on temperature are all consistent with the assump-
tion that the ferritin molecules possess an SPM moment.
The linear dependence on LF is favorable for the use of
MRI in the quantification of tissue iron, since the T,
effect of a given amount of iron is then not affected by
variations in LF. The linear dependence of 1/T, on f,
however, remains to be explained.

MAGNETOMETRY
Background

Measurements of magnetization M versus field H were
first performed on ferritin in solution at 3° and 23°C (26).
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FIG. 3. Slopes of 1/T, relaxivity vs. Larmor frequency at 37°C.
Present results (triangles) are shown along with previously published
data (circles) (18, 19). Note that the T, outliers are from a different
batch (open triangles) than the T, outliers. The solid line shows a
linear fit, with the outier batch omitted.
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- An apparent Curie Law behavior was seen, albeit with an

atypical moment (for Fe**) of 3.8 Bohr Magnetons (BM);
this was attributed at the time to an unusual electronic
configuration. Subsequent measurements on lyophilized
ferritin (27-32) showed that the Curie behavior at low
fields extends down to 30 K, but at higher fields (and low
temperatures), the M versus H curves display a concave
downward curvature, followed by an asymptotic upward
slope (28-32) (cf. Fig. 4). The curvature is indicative of
an SPM moment approaching saturation? and was origi-
nally attributed to a ferromagnetic component of the
ferritin core (28). The asymptotic slope, on the other
hand, exhibits a temperature dependence (at least to 220
K) that is consistent with the Curie-Weiss (C-W) Law
with a negative C-W constant® (28). Thus, the model of
ferritin that emerged in 1965-1967 consisted of a ferro-
magnetic/SPM component that saturates at low temper-
atures and an antiferromagnetic (AFM) component that is
above the Néel temperature and, hence, PM. However, this
picture left a number of questions and inconsistencies, such
as what happens at temperatures higher than 220 K.
Coincidentally, Néel, working in the field of rock crys-
tals, had just shown that small AFM crystals can exhibit
an SPM moment because of incomplete cancellation of

1 An SPM particle has internal magnetic order (ferromagnetic, ferrimagnetic,
or uncompensated antiferromagnetic) and, hence, a large magnetic mo-
ment compared to atomic or ionic moments. However, its size is so small
that at most temperatures thermal energy exceeds magnetocrystalline and
other anistotropy energies; thus, an ensemble of such particles behaves
paramagnetically, according to the Langevin function. However, there is a
“blocking temperature” below which the thermal energy is not sufficient to
overcome the lattice forces and the particles, therefore, exhibit hysteresis
and magnetic viscosity. The blocking temperature is a function of both time
scale and field magnitude of the magnetic measurement, increasing for
shorter measurement times and smaller fields.

2 The Curie-Weiss Law (Eq. [7]) applies to ferro-, ferri-, or antiferromagnetic
materials that are above the transition temperature and hence are spin-
disordered. We refer to the component ions as “C-W PM ions” to distin-
guish them from PM ions that obey Curie’s Law. For AFM materials, the
transition temperature is known as the Néel point Ty, and the resulting C-W
constant is negative. The magnetization of C-W ions, therefore, is less than
that of Curie ions with the same moment, and the temperature dependence
is more gradual.
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FIG. 4. Magnetization of ferritin powder per kg Fe (=emu/g Fe)
plotted versus magnetic field for LF = 3040. Some data points are
omitted at low fields, for clarity. Solid lines show the theoretical fits
(see text).

AFM sublattices (33). For a crystal containing n paramag-
netic ions with “saturation” moment p,, Néel estimated
that there will generally be an excess of spin orientations
in one direction or the other that results in a net magnetic
moment ( '

\

Ko = pin® (2]

where « lies between 1/3 and 2/3. Furthermore, if the
crystal is small enough that the anisotropy energy is less.
than the thermal energy, the orientation of the spins will
be unhindered by lattice constraints, and w, will be, by
definition, superparamagnetic.” (Note, however, that the
moment, although large compared with a single ion, is
small compared with ferrimagnetic and ferromagnetic
particles of similar size.)

Thus, Néel’s theory offers an alternative explanation
for the SPM moment of ferritin, especially considering
that the core is known to be AFM at low temperature. The
problem is that Ty of ferritin is not known, although
various estimates have appeared in the literature, includ-
ing 20K (27),174K (34), and 240 K (35). However, the 20
K value is now known to result from a blocking temper-
ature artifact, the 174 K estimate was made by extrapo-
lating measurements of thermoremanence under the
questionable assumption that the sample included “very
small grains whose blocking temperature Ty must be very
close to Ty,” and the 240 K estimate was obtained by a
rough extrapolation of Mossbauer data on an unrelated
substance, concanavalin A. Whereas these published es-
timates led to a general belief that Ty is 240 K or lower,
two recent reports have suggested, implicitly (31) and
explicitly (32), that it may be much higher. A similar
suggestion was made in a relaxometry study (18), in an
attempt to explain the anomalous T, shortening that had
previously been attributed to a ferromagnetic component
(17). (It is interesting that the evolution of ideas in relax-
ometry paralleled the developments in magnetometry.)

Thus, the current view (30-32) is that the SPM mo-
ment of ferritin results from AFM order (33), while the
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linear component has been reinterpreted accordingly as
arising from either bulk AFM susceptibility® (30) or
“superantiferromagnetic” susceptibility* (31, 32). Note
that the concept of two magnetization components, one
SPM and one linear, has not changed— only the interpre-
tations have changed.

Methods

A ferritin sample with LF = 3040 was lyophilized and
sealed in a gelatin capsule. Its magnetization was then
measured at temperatures from 10 to 310 K and magnetic
fields from 0 to 5 T. Measurements were made with a
commercial magnetometer based on a superconducting
quantum interference device (SQUID). Results are ex-
pressed as A X m®/kg Fe ( = emu/g Fe). In addition, the
low-field susceptibility was measured at temperatures
extending down to 1.8 K.

Results \

The M versus H curves are shown in Fig. 4. Careful
examination shows that the curvature that is so striking
at low temperature is also present at 310 K, indicating
that SPM behavior is indeed present at body tempera-
ture. A slight secondary curvature can also be seen in the
high-field region at 10 and 30 K. The susceptibility mea-
sured at 1.8'K was 3.81 X 1076 m®/kg Fe (= 3.03 X 10™*
emu/g Fe). ;

The data were first fitted with a Langevin function plus
a linear susceptibility term (31, 32), but the “linear” term
was'later replaced with a Brillouin function in an attempt
to fit the secondary curvature. This curvature is expected
for PM materials, which may show incipient saturation at
very low temperature, but not for bulk AFM susceptibil-
ity (36). Thus, the final fitting function (in SI units) was

M = NpuBs(pipoH/(KT)) + NousL(pspoH/ (KT)) . [3]
where »
Bg(x) = (1 + 0.5/S)coth[(1 + 0.5/5)x]

— coth[ x/(28)]/(2S) [4]

is the Brillouin function for PM ions with spin S (=5/2
for high-spin Fe®*), and

L(x) = coth(x) — 1/x [5]

3 AFM susceptibility results from partial disruption of the antiparallel spin
alignment by an applied magnetic field. If the field is perpendicular to the
spin alignment, the susceptibility is a constant x,. below T; if it is parallel,
the susceptibility increases from 0 at 0 K to x, at Ty. For random alignment,
the total susceptibility is the 2:1 weighted average of the two and, hence,
increases from 0.67y, at 0 K to x, at Ty (36). -

4 Néel has shown (37) that small AFM crystals with an even number of lattice
planes (which therefore do not have an SPM moment) exhibit an enhanced
AFM susceptibility. called “superantiferromagnetism” if the field is perpen-
dicular to the spin alignment. It is caused by a “couple .. . which tends to
align the direction [of spin-alignment] locally along the direction of H . ..
Hence the antiferromagnetic direction should turn progressively within the
particle” (37). In a simple example (38), Néel found that “the susceptibility of
these particles is twice as great as that of the corresponding bulk antifer-
romagnet” and that “the extra susceptibility . . . is already reduced by half
for T = 0.4 T.” For randomly oriented crystals, two-thirds would exhibit this
additional susceptibility, so the total susceptibility, instead of increasing
with temperature, would actually decrease, from 1.33 x, at 0Kto y, atTy.
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FIG. 5. Parameters obtained from the curve fits of Fig. 4. ug (A) is
the superparamagnetic moment in Bohr magnetons and N /N (@)
is the fraction of PM Fe ions, assuming Curie Law behavior. The
value of N,/N obtained from the total susceptibility measurement
at 1.8 K, assuming Curie behavior, is also shown (O).

is the Langevin function (the “classical” or high spin
limit of By for S — «). Other parameters are:

N, = number of PM Fe®" ions per kg Fe,

N,

s

My

number of SPM particles per kg Fe,
saturation magnetic moment of Fe®** (5 BM)
SPM moment

Mg
uo.H = flux density in T,
k = Boltzmann’s constant.

The Brillouin function is a generalization of Curie’s Law
and is effectively linear with field at temperatures higher
than 30 K, with a built-in 1/T temperature dependence.
However, since we do not know with certainty whether
the origin of this term is PM or AFM susceptibility, we
shall allow for the possibility of other temperature de-
pendences by letting the coefficient N, vary with tem-
perature. Whereas Eq. [3] applies strictly to a homoge-
neous set of molecules, it should also be valid for
reasonably narrow distributions.

The data at all temperatures were fitted simultaneously
(MLAB, Civilized Software, Inc., Bethesda, MD) using
Eq. [3] with variable parameters N, u,, and N,, omitting
data at 10 and 30 K because of concerns about hysteresis
below the blocking temperature. N, was assumed to be
independent of temperature, under the assumption that
the number of SPM particles is constant, but N, was
allowed to vary with temperature (see above). Using the
value of N, so determined, the 10 and 30 K data were
then fitted, omitting points lower than 0.5 T (again be-
cause of hysteresis below the blocking temperature).

The results are shown in Fig. 4. The fits are generally
good. In particular, the secondary high-field curvature at
10 and 30 K is fitted fairly well by the Brillouin function.
The fitted value of N,, expressed as a ratio to the total
number of Fe atoms per kg (N = 1.08 X 10%°), is N/N =
4.62 X 10™° (estimated error = 2.4%). Fitted values of u,
and N,/N are shown in Fig. 5 (estimated error + 1-10%,
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depending on temperature); they are monotonically con-
sistent for all temperatures higher than 30 K.

Discussion
SPM Component

The value of p, drops from approximately 400 BM at
low temperature to 225 BM at 310 K. (Results at 10 and
30 K are not reliable because of blocking effects.) The
low-temperature limit agrees with Néel’s theory (Eq. [2])
with & = 0.54, a value in the middle of his suggested
range. This value of « is also in remarkably good agree-
ment with the square root dependence of w, on LF
suggested by the T, analysis above. Finally, the de-
crease with temperature is predicted by Néel’s theory,
because the ionic moment p,; “decreases regularly from
its saturation value . .. down to zero as the temperature
increases from absolute zero to the Néel temperature”
(33).

The value of N,, however, is surprising. It corresponds
to one SPM particle for each 21,600 Fe atoms—a much
larger number than the chemically determined loading
factor of 3,040. In other words, the number of SPM par-
ticles seems to be approximately one-seventh of the num-
ber of ferritin molecules—a result so unexpected as to
suggest a possible flaw in the model or in the data;
however, we have been unable to find such a flaw. This
discrepancy is not just a subtle quirk in curve-fitting; the
fit is clearly inadequate if N/N, is constrained to the
chemically determined ratio, as shown in Fig. 6. The
reason this discrepancy has not been noted before is
probably because in two studies (28, 29) curve-fitting was
not done, whereas in the other three (30-32), the iron
concentration was not given. In fact, by “retrofitting” the
former two data sets with Eq. [3], we found a ratio of one
SPM particle per 15,000 Fe atoms in each case—again, a
much higher number than any possible loading factor. In
addition, preliminary measurements on three other sam-
ples (unpublished data) resulted in similar discrepancies
by a factor ranging from 4 to 8.

)

Magnetization (A‘m®/kg Fe)
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FIG. 6. A typical data set (90 K). The solid line is the fit of Fig. 4.
The dashed line is the best fit if the number of SPM particles is
fixed at the number of ferritin molecules.
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Such a discrepancy might occur if there were perfect or
near-perfect cancellation of sublattices in most ferritin
cores. (This possibility was envisaged by Néel, who con-
structed a theory of “superantiferromagnetism” for parti-
cles with an even number of planes.) For example, if the
binding of iron to complete lattices were chemically less
favorable, then iron atoms would be scavenged more
readily by cores with incomplete lattice structure, leav-
ing other cores complete. Or, if the ions that are not AFM
compensated (i.e., the ones responsible for the SPM mo-
ment) also experience the weakest exchange forces, they
would become nonaligned, and hence PM, at low tem-
peratures.

PM Component

At this point, we have no evidence (apart from the sec-
ondary curvature at low temperature) regarding whether
the first term in Eq. [3] represents PM or AFM suscepti-
bility. Let us first consider the susceptibility at 1.8 K. At
this temperature, all AFM-coupled atoms are surely be-
low the local Néel temperature, so the susceptibility can
arise only from uncoupled “Curie PM” ions or from AFM
susceptibility. Let us suppose for the moment that it is
the former. Then, applying Curie’s Law (with pg = 5.9
BM) to the result, we find that there are 7.93 X 10>? Curie
ions per kg Fe, which is 0.7% of all Fe atoms (see Fig. 5).
But this is an upper limit, so the subsequent increase to
9% at 310 K cannot be an increase in the number of Curie
ions but must indicate, instead, a temperature depen-
dence other than 1/T. (In fact, N, was allowed to vary
with temperature to allow for just such a possibility.)
This leaves only AFM susceptibility or C-W ions (created
as the temperature rises above the local T,) as possible
explanations for the linear component of magnetization.
To determine which, it will be helpful to abandon the
parameter N, and to consider, instead, the susceptibility.

Susceptibility is defined as the low-field limit of M/H.
In this limit, both terms in Eq. [3] reduce to the Curie
Law, and we obtain, for the component susceptibilities
(m3/kg Fe):

Xp = Npl“'effzﬂ‘o/(f}kT) [6’3]

Xs = Nips* ol (3KT) [6b]

where g = [(S + 1)/S]*?u; = 5.9 BM for Fe®*. Resultant
values, calculated from the fitted parameters at each tem-
perature of measurement, are shown in Fig. 7. Also
shown is a fit of Xp to the C-W Law,

Xp = Ncwl-“effzpdo/[:gk(T - 0)] [7]

where N_,, is the number of C-W ions and 6 is the C-W
constant. The fit is good over the entire temperature
range, with § = —61 K and N_,,/N = 11.5%, independent
of temperature. The negative 6, of course, is an indication
'of AFM coupling.

The good C-W fit strongly suggests that x,, arises from
PM C-W Fe®* ions, probably located on the core surface
where the local T, is lower. Such ions are theoretically
expected, as “the molecular fields acting on internal and
external atoms are surely quite different. In general, it
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FIG. 7. Component susceptibilities x, (@) and x, (A), and their
sum y (M), plotted versus temperature. The dashed line shows a
Curie-Weiss fit to x,, (Eg. [7]). The solid line shows an approximate
Curie Law fit to the total susceptibility x (Eq. [6a]).

seems logical to suppose that the external atoms are
subject to a weaker molecular field than the internal
atoms” (33). A PM explanation for x,, is also consistent
with the secondary curvature noted at 10 and 30 K and
with the T, relaxometry results. AFM susceptibility,® on
the other hand, would not exhibit a C-W temperature
dependence. Even with Néel’s additional superantiferro-
magnetism,* the total AFM susceptibility (at least in his
simple example) decreases by only approximately 25%
over the range 0 — T, compared with the fourfold de-
crease shown in Fig. 7. This is not to say that AFM
susceptibility is not present or possibly even significant
at high temperatures.

There are, therefore, many reasons to conclude that x,,
is primarily PM, as we originally hypothesized. The good
fit of the C-W law at temperatures as low as 30 K implies
that the Néel point for these ions is no higher than 30 K.
(It is not unusual for Ty to be less than —6 by a factor of
2 or more (36)). Note, however, that these C-W ions are
not the same as the ordered but uncompensated ions that
make up the SPM moment (33); they are ions that might
have so contributed but, since they are above the local
Tx, they have become disordered and hence PM. (A
conversion from AFM order to PM disorder was also
mentioned above as a possible explanation for the small
number of SPM particles.)

Total Susceptibility

The total susceptibility x is the sum of Egs. [6a] and [6b].
The resulting values (Fig. 7) are consistent with the direct
measurements, thereby demonstrating consistency in the
curve-fitting procedure. As others have noted (26-29), x
approximately follows Curie’s Law (Fig. 7). However,
since neither component does, this is clearly coinciden-
tal. Specifically, x, decreases with temperature more
slowly than Curie’s Law (because N, in Eq. [6a] increases
with T), whereas x, falls more quickly (because w, in Eq.
[6b] decreases with T). If we assume, nevertheless, that
Curie’s Law applies to the total, the effective Curie mo- -



Relaxometry and Magnetometry of Ferritin

ment u, per Fe atom can be calculated from Egs. [6a] and
[6b]. The result is

“’cz = pp'effz/N + Nsl-"sz/N [8]

This shows that u, can vary with LF and with prepara-
tion, so it is not surprising that our value (2.9 BM for LF =
3040) is different from values of 3.8—3.9 BM for smaller
LF (26-29).

Comparison with Other Studies

Because there has been much confusion and contradic-
tion in the literature, and because our results are, in some
ways, different from current belief, we “retrofitted” other
published data (28-32), using Eq. [3]. Following is a
comparison of our results with the published analyses.

Asymptotic Analyses

In three studies (28-30), the high-field asymptote was
taken as the slope of the linear component and was found
to follow the C-W Law below 220-240 K, with C-W
constants ranging from —200 K (28) to —239 K (30). Why
the C-W behavior stopped at 220-240 K was not ex-
plained. Nevertheless, in one study (30), the linear com-
ponent was attributed to AFM susceptibility, but with no
explanation of the inconsistent temperature dependence.
In our retrofits, we found that this component (x,,) fol-
lowed the C-W Law (at least approximately) over the
entire temperature range for all three data sets, with C-W
constants of —61 K (28), —42 K (29), and —38 K (30), thus
removing an obstacle to the C-W interpretation of this
term.

The other component, because of its curvature, was
acknowledged to be SPM in all three studies, and in one
study (28) was attributed to a “ferromagnetic component
that saturates around 11000 Oe [1.1 teslal.” This was
probably the best explanation at the time, since the au-
thors were probably unaware of Néel’s just-published
theory of small AFM crystals (33). In a later study, the
Néel theory was invoked (30), and a Langevin function
was fitted to the low-field slopes (under the dubious
assumption that the linear contribution is negligible).
This yielded a SPM moment u, = 200 BM (30), indepen-
dent of temperature. In our retrofits of that data, we
found p, = 440-470 BM (28, 29) and 1000 BM (30) at low
temperature, followed by a consistent decrease with tem-
perature (cf., Fig. 5).

Curve-Fitting Analyses

In two later studies (31, 32), the data were curve-fitted
using the sum of a linear and Langevin term, as in Eq. [3],
but with all three parameters permitted to vary with
temperature. The linear component, which decreased
with temperature in one study (32) and was relatively
constant in the other (31), was attributed to superantifer-
romagnetism.* In our retrofits, we again found an excel-
lent C-W dependence for this component, with C-W con-
stants of —109 K (32) and —61 K (31).

As for the SPM moment p,, a magnitude of 300 BM at
low temperature was found in one study (31), with a slow
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increase above 120 K, while a value of 300-350 BM was
found in the other study (32), with little temperature
dependence. In both studies, u, was attributed to AFM
order (33). The parameter N, was not specifically men-
tioned (it would be meaningless without knowing the
iron concentration), but in one study (32), the coefficient
of the Langevin function (M,) was reported to decrease
with temperature. However, instead of attributing this to
a decrease in the number of SPM particles (since M, =
N,u,, and p, was reportedly constant), M, was inter-
preted as a second magnetic moment independent of .
Under this questionable interpretation, the decrease was
extrapolated to zero to yield an estimate for the Néel
temperature of 460 K. Our retrofitted values of u, agreed
with the above reports (30, 31) in the low-temperature
limit, after which there was a consistent decrease, similar
to that in Fig. 5.

Alternative Explanation for SPM Temperature
Dependence

The above differences in fit are evidently due to our
constraint that N, is constant. We therefore refitted our
data without this constraint (not shown). The values of
N, were relatively unchanged, but u, now was fairly
constant within the range 400—450 BM, whereas N,/N
decreased from approximately 5 X 107> at low tempera-
ture to 1 X 107° at 310 K. In other words, the temperature
dependence was transferred from u, to N, consistent
with ref. 32, if the parameters are reinterpreted accord-
ingly.

The possibility that N, varies with temperature, al-
though surprising, could be related to the idea intro-
duced earlier that uncanceled AFM spins responsible for
the SPM moment can be converted to C-W paramagnets if
the temperature rises above the local T, thereby reduc-
ing or removing the SPM moment. If there were a distri-
bution of “surface” Néel points among the molecules,
then the number of cores so converted would increase
with temperature, leaving fewer SPM cores. However,
this possibility raises several problems. (a) The good fit of
the PM term to the simple C-W equation becomes a
coincidence. (b) The “discrepancy factor” of 7 noted
earlier now becomes 33 at body temperature, which is
even harder to explain. (c) There does not seem to be any
reason for such a smoothly varying heterogeneity of par-
ticles, whereas there is (as we saw) theoretical reason for
s to decrease with temperature. Nevertheless, the data
seem to show a slight but consistent preference for the
second fit, so the possibility should not be ruled out. In
fact, the true temperature dependence could be a result of
decreases in both N, and u, with temperature.

CONCLUSIONS

Our results are different in many ways from earlier re-
ports and have led us to suggest a new structure of the
ferritin core (Fig. 8). In this model, the interior of the
ferritin core (cross-hatched region) is AFM with a Néel
temperature higher than 37°C. In some molecules (1 out
of 7 for our sample), the antiferromagnetism leads to an
SPM moment u, created by incomplete cancellation of
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FIG. 8. Schematic drawing of a possible structure of the ferritin
molecule. The core consists of two parts, both AFM. In the central
region (cross-hatched), T is high (higher than 37°C) and the spins
are antiparallel. In some molecules, this creates an SPM moment
1s (arrow) because of a preponderance of spins in one direction or
the other. In the peripheral region (dotted), the Fe* ions are also
AFM coupled, but the exchange forces (or molecular fields) are
much weaker and T, is therefore very low. These ions are there-
fore PM and follow the C-W Law. The relative size of the two
regions may change with temperature as the uncanceled spins
responsible for the SPM moment find themselves above the local
Ty and, hence, become PM.

sublattices (33). In other molecules, the interior region is
also AFM, but the lattice structure is complete (i.e., there
are an even number of AFM planes), so there is no SPM
moment. This SPM moment, even if found in only a
fraction of the molecules, could explain the large T,
effect and its unusual dependence on LF, although the
linear dependence of 1/T, on field strength remains un-
explained.

There is also an external core region (dotted region in
Fig. 8) in which the Néel temperature is very low. Above
Ty, the exchange forces are not strong enough to main-
tain AFM order, and these Fe®* ions (11.5% in our sam-
ple) behave as C-W paramagnets.

According to this model, the total susceptibility of
ferritin consists of two components with different tem-
perature dependences which, when combined, coinci-
dentally mimic Curie’s Law. However, the Curie behav-
ior is not exact, and the effective “Curie moment” can
vary with LF and preparation.

This model, although derived mostly from the magne-
tometry data, is strengthened and reinforced by the agree-
ment and consistency with the relaxometry results. Thus,
the SPM moment deduced from the curvature of the
magnetization curves can explain the anomalously
strong T, relaxation, including its unusual linear depen-
dence on LF. The C-W ions, inferred from the linear part
of the magnetization data, can explain all aspects of the
T, relaxation data, including the difference between T,
and T, outliers.

The T, effect of ferritin as well as the stronger T, effect
are observable on MRI, and a full understanding of T,
and T, in ferritin solution may contribute to the devel-
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opment and improvement of MRI as a method of in vivo
iron measurement.
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