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A mixture of ferritin and magnetite nanoparticles mimics the magnetic properties

of human brain tissue
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Magnetic properties of a two-component system, consisting of horse spleen ferritin (HoSF) which contains
a 5-8 nm sized antiferromagnetic ferrihydrite (5Fe,O3-9H,0) core and ferrimagnetic magnetite (Fe30,)
nanoparticles (MNP) with an average size of 10—-20 nm, have been investigated by using four different
methods: induced magnetization versus (1) temperature and (2) field; (3) AC susceptibility; and (4) first-order
reversal curves (FORC). All measurements were done on a mixed system of HoSF and MNP, as well as
separately on the individual components. The average blocking temperature (75) of the mixed system at 50 mT
is 15.6 K, which is a shift towards higher temperatures compared to pure HoSF (Tg=12 K). The contribution
of the MNP component to magnetic ordering is evident only as a separation of the zero-field-cooled and
field-cooled measurement curves. ac susceptibility is dominated by the ferrimagnetic MNP and shows strong
frequency dependence. The peak ac susceptibilities can be described by the Vogel-Fulcher law, indicating the
influence of interactions within the system. Hysteresis measurements at 5 K show a wasp-waisted shape due to
the mixture of a high coercivity phase (HoSF) with a low coercivity phase (MNP). Initial magnetization curves
above Ty can be fitted by a sum of Langevin functions, showing superparamagnetic behavior of both compo-
nents. FORC diagrams are effective in illustrating the change from that of blocked MNP particles together with
the superparamagnetic HoSF at 20 K to purely superparamagnetic behavior in both components above 50 K.
We conclude that the mixed nanoparticle system is a good model for complex natural samples, such as human

brain tissue.
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I. INTRODUCTION

Characterization of magnetic properties can offer valuable
information for investigations of the history and function of
materials. Natural systems, such as soils, rocks, and diverse
biological materials, usually contain more than one magnetic
component. Furthermore, synthetic materials may also con-
tain more than one magnetic component due to by-products
of synthesis or chemical oxidation processes."? Such mixed
systems are rarely described, because measurements of their
physical properties are difficult to interpret and various
methods of analysis are usually needed to separate and char-
acterize each contributing component. Even more difficult to
characterize are mixtures consisting of different nanosized
magnetic particles. One unusual example of such a complex
magnetic mixture is tissue from the human brain. The inter-
est in iron metabolism and iron components found in the
human brain has increased strongly in the past few years
because of their association with neurological and neurode-
generative diseases.” Human brain tissues contain at least
four different magnetic components. The dominant magnetic
signal arises from the strongly diamagnetic fatty tissue (the
matrix) in which the other components are embedded. The
second dominant component is heme-iron from blood, which
is near paramagnetic in its magnetic properties.* Ferritin, the
third component, which is responsible for the intracellular
storage of iron, is present throughout the brain. Ferritin
consists of a core of antiferromagnetic ferrihydrite
(5Fe,05-9H,0), 5-8 nm in diameter, surrounded by a pro-
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tein shell,’ and is superparamagnetic at room temperature. In
the past decade magnetite/maghemite (Fe;O4/y-Fe,03) has
been discovered in human brain tissue.®’ The origin and the
formation process of this strongly ferrimagnetic component
are still unknown and the subject of intense research. Identi-
fication of the different magnetic components is difficult, and
magnetic modeling is nearly impossible, since the concentra-
tions of the individual phases and their iron contents are
unknown.

To gain a better physical understanding of such multicom-
ponent magnetic systems, we measured two known magnetic
components separately and as a mixture. This system
consists of commercially available horse spleen ferritin
(HoSF), which is magnetically well characterized,®"'° and
albumin coated magnetite nanoparticles (MNP) with
10-20 nm diameter. Both components are superparamag-
netic at room temperature. Therefore, measurements at low
temperature are required for a full magnetic characterization
of the mixed system HoSF-MNP. This model will facilitate
the characterization of natural multicomponent systems of
biological origin.

II. EXPERIMENTAL DETAILS

The MNP sample was made from 300 mg magnetite
nanoparticles with a diameter of 10—20 nm suspended in
10 mM HCI. This material was originally developed as a
contrast agent for magnetic resonance imaging.'"'? The par-
ticles were then coated with 150 mg poly-(D-glutamic acid,
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FIG. 1. Induced magnetization as a function of temperature
measured after zero-field cooling (ZFC) and cooling in a 50 mT
field (FC) of (a) pure HoSF, (b) pure MNP, and (c) HoSF-MNP
mixed system.

D-lysine) hydrobromide (6:4) (wt. 20—50 kD, from Sigma)
in 100 mM HEPES pH 6.8, washed with 100 mM HEPES
pH 7.3 and ultrasonically dispersed. Finally, coated particles
were incubated for 30 min in 1 ml 0.1% human serum albu-
min. After washing, the material was lyophilized and the
resulting dry powder was mixed with commercial horse
spleen ferritin (HoSF, Sigma). The ferritin-magnetite mixture
was dried and packed into a gel cap for handling. The
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FIG. 2. Induced magnetization as a function of temperature after
ZFC and FC at 50 mT of a human brain tissue sample, corrected for
the diamagnetic matrix signal and the paramagnetic blood signal.
The inset shows the uncorrected induced magnetization for the
same sample.
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FIG. 3. In-phase susceptibility x’ (a) and out-of-phase suscep-
tibility x” (b) as a function of temperature. The HoSF-MNP mixed
system was measured at frequencies of 100 Hz, 1 kHz, and 10 kHz.
The dotted lines indicate (a) ' and (b) x” for the pure components
HoSF and MNP, measured at 1 kHz.

samples contain 60—70 mg of HoSF and 0.4-0.5 mg of
MNP. These low concentrations were chosen to mimic the
assumed natural content in biological samples.

Induced magnetization was measured as a function of
both temperature and field using a Quantum Design MPMS
superconducting quantum interference device (SQUID) mag-
netometer at the University of Bremen and at the Chemistry
Department at ETH Zurich. In the thermal experiments,
samples were initially cooled to 5 K, either in the absence of
a magnetic field (zero-field cooling, ZFC) or in the presence
of a 50 mT field (field cooling, FC). At 5 K a magnetic field
of 50 mT was applied and the induced magnetic moment of
the sample was measured at intervals of 2 K during heating
to 300 K. The sample magnetization was also measured as a
function of field (hysteresis loops and initial magnetization
curves) at a series of temperatures between 5 and 300 K, in
fields of +5 T after cooling the samples in zero field. ac
susceptibility measurements were made at different frequen-
cies between 100 Hz and 10 kHz in a weak applied field of
79.7 Am (1 Oe) on a Quantum Design Physical Property
Measurement System (PPMS) at the Chemistry Department
of ETH Zurich. First-order reversal curves (FORC)
were measured on a PMC vibrating sample magnetometer
(VSM) at 20K, 50 K, and 90 K. The FORC data was
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TABLE 1. Peak temperatures (K) of the in-phase susceptibility
x' and the out-of-phase susceptibility x” for the mixed system
HoSF-MNP and the individual components HoSF and MNP at dif-
ferent frequencies.

Individual components
frequency (kHz)

Mixed system
frequency (kHz)

0.1 1 10 0.1 1 10
x' (HoSF) 20 22 26 16 17 19
X' (HoSF) 11.5 12 14 11 12 14

197.5 220 230 245 260
1525 167.5 180 185 205

¥’ (MNP) 190
¥' (MNP) 145

processed with a MATLAB code by Winklhofer and Pike
(http://venu.geophysik.uni-muenchen.de/ michael/forcnew/).

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Induced magnetization as a function of temperature

Figures 1(a)-1(c) show the induced magnetization versus
temperature measured in a 50 mT field for the two individual
components and the mixed system. Figure 1(a) shows the
measurements for pure HoSF, in which the maximum in the
ZFC curve at 12 K indicates the average unblocking tem-
perature of the ferritin.®!3 The bifurcation point between
ZFC and FC curves at 22 K shows the point in which all
particles are unblocked. For the magnetite nanoparticles
(MNP), the average unblocking temperature is at 56 K and
the bifurcation point is at 125 K [Fig. 1(b)]. The shape of the
curve resulting from the mixed system [Fig. 1(c)] is a com-
bination of the curves in Figs. 1(a) and 1(b). The average
unblocking temperature is at 15.6 K, indicating that the
HoSF is the dominant component. The higher unblocking
temperature observed for the mixed system compared to the
pure HoSF, however, must be due to the magnetite particles.
The gap between ZFC and FC curves at low temperature is a
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FIG. 4. Logarithm of measurement frequency In(f) versus mea-
sured peak temperatures of y” for the HoOSF-MNP mixed system
(filled symbols) with a fit to the Vogel-Fulcher law (solid line). Néel
relaxation for a noninteracting system would follow the peak tem-
peratures corrected for 7;=86 K (open symbols).
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FIG. 5. Hysteresis measurements of the HOSF-MNP mixed sys-
tem and the single components at 5 K. The inset shows the wasp-
waisted shape of the hysteresis at low fields.

result of remanent magnetization acquired when cooling in a
field. In the mixed system the distance between the ZFC and
FC curves is relatively large in comparison to that of the
individual components. The curves are separated below a
temperature of 126 K, which corresponds to the final un-
blocking temperature of the magnetite nanoparticles. The de-
creasing separation of the curves during heating reveals the
decreasing content of blocked particles in the system.'*

These results are compared to a natural sample of human
brain tissue, which may contain a similar mixed system."
The dependence of magnetization induced in a 50 mT field
on temperature is shown in Fig. 2. The effect of the strong
diamagnetic matrix is obvious, since both the ZFC and the
FC curve show a negative magnetization above 10 K (Fig. 2,
inset). The diamagnetic signal, however, is independent of
temperature and can be separated from other components. At
temperatures below 5 K, the uncorrected curves show an in-
crease with decreasing temperature due to a superposed para-
magnetic contribution of the heme-iron of blood.'> The mea-
surements were corrected for a diamagnetic contribution of
—1.64X 107 A m?/kg and a paramagnetic signal of 1.5 mg
of freeze-dried blood. The local maximum in the corrected
ZFC curve around 11 K is indicative of the average unblock-
ing temperature of ferritin in the brain tissue. The slight gap
between the ZFC and FC curves up to around 70 K indicates
the influence of a remanent magnetization from an additional
component, which is magnetite/maghemite.

B. ac susceptibility

Measurements of the in-phase (x’) and out-of-phase (x”,
quadrature) components of ac susceptibility for the HoSF-
MNP system are shown in Figs. 3(a) and 3(b), respectively.
Each of the components shows two distinct peaks in the
susceptibility curve, which can be assigned to HoSF at lower
temperature and to MNP at higher temperature. y’ displays a
strong frequency dependence for both components. The peak
temperatures increase with increasing frequencies while the
signal strength decreases at higher frequencies. For y” the
frequency dependence of the HoSF peak is less obvious,
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FIG. 6. (a) Initial magnetization curves as a function of
field of the mixed system HoSF-MNP above temperatures required
for full unblocking of both components. The inset shows
(Mygix—Myose—xH)/Moynp vs H/T. (b) Initial magnetization
curve at 250 K and fit to Eq. (2) together with the initial magneti-
zation of the separated components MNP and HoSF deduced from
the fit.

while for the MNP peak the frequency dependence is strong
[Fig. 3(b)]. All values of the peak temperatures are given in
Table I. Comparing these to the values of the individual com-
ponents [shown for 1 kHz in Figs. 3(a) and 3(b)], x’ of pure
HoSF peaks at slightly lower temperature than the HoSF
component in the mixed system. For x” the values for pure
HoSF are almost identical with the y” in the mixed system.
The opposite effect is observed for the MNP component. The
pure MNP phase peak temperatures of y’ are significantly
higher than for the MNP component, which corresponds to a
shift towards lower temperatures in the mixed system. A
similar shift is seen for y”(Table I). A study of the average
blocking temperature of ferrihydrite showed that by coating
the nanoparticles with silicon, interaction is partially inhib-
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TABLE II. Parameters for the individual components of HoSF
and MNP from the fit to a sum of two Langevin functions [Eq. (2)]
with u, vnp=06260up and wu, osp=320up at temperatures above
TB.

150 K 200 K 250 K 300 K
M Mag (Am?) 4.08 3.84 3.52 3.35
M forr (Am?) 0.88 0.51 0.49 0.23
XX 107 (Am?/T) 5.38 4.59 3.63 2.29

ited leading to a decrease in Tg.'® A similar explanation may
be valid for this system, where the magnetite concentration is
less than 1% of the sample weight. The small amount of
MNP, dispersed within the ferritin, reduces interactions be-
tween the MNP particles, thereby shifting the peak to lower
temperatures.

An indication that there is still interaction between the
MNP particles within the mixed system is seen from the fact
that the Arrhenius law 7= ryexp[E/kT] does not properly de-
scribe the relaxation peaks of x”. For systems showing slight
particle interactions, it has been proposed that the frequency-
dependent peak susceptibility of x” would follow the Vogel-
Fulcher equation,'7-20

7= 10exp| E/k(T - T})]. (1)

The measured peak temperatures of the MNP component are
in good agreement with the Vogel-Fulcher law (Fig. 4) and
the best-fit model yields 7,=2Xx 10", E/k=1016 K, and
Ty=86 K. These values for T, and E/k are very similar to
values from other dispersed systems of biocompatible mag-
netite nanoparticle.”! The fact that the measurements can be
fitted by the Vogel-Fulcher law indicates that there are slight
interactions between the magnetite nanoparticles. T,, can be
subtracted from the measured peak temperatures Ty of X"
to give the theoretical Néel relaxation peak temperatures in
the absence of interactions (Fig. 4).

C. Induced magnetization versus field

At low temperature the hysteresis is dominated by the
antiferromagnetic high coercivity HoSF component (Fig. 5).
The MNP component leads to a clear wasp-waisted shape of
the hysteresis loop (inset, Fig. 5) due to the mixing of a low
coercivity component, such as magnetite, with a high coer-
civity component.?? The hysteresis at 5 K of the HoSF-MNP
system displays a coercive force (B.) of 38 mT compared to
values of 120 mT and 20 mT for pure HoSF and MNP, re-
spectively. At higher temperature, B, decreases from 38 mT
(5 K) to 6 mT at 30 K, 3 mT at 50 K, and 0.5 mT at 100 K.
At temperatures =150 K, the hysteresis is a closed loop and
shows purely superparamagnetic behavior.

Initial magnetization curves at temperatures above full
unblocking of the MNP are shown in Fig. 6(a). They are the
result of two different superparamagnetic contributions, such
that the initial magnetization curves must be fitted by a sum
of a modified Langevin function and another Langevin func-
tion (one for HoSF and one for MNP),
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Myiix = Mo mnpLy (,U«p,MNPH/ kgT) + M O,HOSFLZ(Iu’p,HoSFH/ kgT)
+xH, (2)

where L=coth x—1/x, M ynp is the saturation magnetiza-
tion of magnetite, u, \np is the magnetic moment per mag-
netite nanoparticle, M y,sr is the saturation magnetization
of ferritin, w,yosp is the magnetic moment per ferritin
core, and y is the high-field susceptibility. Using this model
gives o \vnp=06260up and a w, posp=320up. The small
value for the horse spleen ferritin agrees with modeled val-
ues between 300up and 350up that are reported in the
literature.®!323 Fitting the initial magnetization curves to a
sum of two Langevin functions [Eq. (2)] allows the total
magnetic signal to be divided into the two separate compo-
nents. An example is given for the data at 250 K in Fig. 6(b).
Superparamagnetic MNP particles show saturation below
1 T, whereas “superantiferromagnetic” ferritin?* is character-
ized by a continuous increase of magnetization with increas-
ing field.”> The linear part yH becomes weaker at higher
temperature.®>3 The signal of the MNP component can be
deduced by subtracting the magnetization of the ferritin and
plotting (M y;i,—Myosg— xH)/ Mg ynp versus H/T [inset, Fig.
6(a)]. It can be seen that the modified, initial magnetization
curves collapse onto a single curve, indicating superpara-
magnetic behavior at temperatures above the peak ordering
temperature.®® It should be noted that Mg e, Mo perr» and x
are temperature dependent and decrease with increasing tem-
perature (Table II).

D. First-order reversal curves (FORC)

FORC diagrams constitute a powerful method of display-
ing the grain-size dependence of hysteresis properties of
natural and synthetic magnetic materials.”” FORC measure-
ments for the HoSF-MNP system are displayed in Figs.
7(a)-7(c). All diagrams show a pronounced density distribu-
tion of the microcoercivity around the origin that is due to
the superparamagnetic contribution from particles that are
unblocked.”® At 20 K the ordered MNP component shows a
maximum in the microcoercivity distribution (along B, axis)
at B.=21 mT, indicating the stable single-domain state of the
MNP component [Fig. 7(a)]. The vertical spread in this dis-
tribution (along the By, axis) is indicative of particle interac-
tion. Although these particles are coated with a polypeptide
and albumin, they still interact and cluster at low tempera-
tures, as suggested by the susceptibility data. The HoSF
component is largely responsible for the signal at B.=0, due
to its superparamagnetic behavior. However some of the dis-
tribution along the B. axis may also be attributed to HoSF,
since it is only totally unblocked at 22 K. Continuous un-
blocking of both components is seen at higher temperature
[Fig. 7(b)]. The maximum of microcoercivity from the MNP
shifts towards the origin and the vertical spread decreases,
reflecting a decrease in interaction as more magnetite par-
ticles are unblocked. The local maximum in coercivity dis-
tribution disappears completely at 90 K [Fig. 7(c)], where
the FORC diagram is only dominated by the superparamag-
netic contribution from both MNP and HoSF. The transition
to superparamagnetism appears to occur at lower tempera-
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FIG. 7. FORC diagrams showing the effect of increasing tem-
perature (a) at 20 K, single-domain peak due to MNP and broad
superparamagnetic distribution near origin due to HoSF, (b) at
50 K, disappearing of single-domain component and increase of
superparamagnetic signal due to conversion of MNP, and (c) at
90 K, purely superparamagnetic behavior of entire mixed system.

ture than expected from the induced magnetization measure-
ments [Fig. 1(c)]. This is probably due to the different mea-
surement sensitivities of the two instruments. The signal for
the FORC measurements was at the lower limit of the VSM,
so that a relatively high smoothing factor was applied. This
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in turn acts effectively as a low pass filter of the data, which
eliminates weaker features.”

IV. CONCLUDING REMARKS

The mixed system we have studied contains the high co-
ercivity component ferritin and low coercivity component
magnetite. In this mixture the ferritin dominates the magne-
tization at low temperatures in moderate to high fields, as
demonstrated by induced magnetization and hysteresis
analysis. The difference between ac susceptibility and the
induced magnetization is that HoSF dominates the latter
whereas MNP dominates the ac susceptibility. This observa-
tion demonstrates the power of using different measuring
methods for a two-component system. The small remanent
component in the antiferromagnetic HoSF is due to defect
moments at the surface of the ferritin core. This is enhanced
by the applied DC field of 50 mT. The weak ac field is more
efficient, however, in activating the ferrimagnetic particles
rather than activating the uncompensated spins.

Interaction between the MNP particles appears to be im-
portant, even though these particles are coated in albumin.
This is seen from (i) the shift in peak temperatures in the
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mixed system as compared to the individual components in
the dc susceptibility data; (ii) the fact that y” follows the
Vogel-Fulcher law; and (iii) the spread along the B, axis in
the FORC diagram. The magnetic signals from a natural sys-
tem may be much weaker than those of the synthetic mixture
studied in this work; however, the results from the investi-
gated mixed system, composed of a ferrimagnetic and an
antiferromagnetic component, are similar to results from hu-
man brain tissues.’® This observation indicates that such two-
component magnetic models are useful for identifying the
components of complex natural materials.
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