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Magnetically induced optical birefringence (∆n) was measured for magnetoferritin and horse spleen ferritin
aqueous suspensions. The ∆n for magnetoferritin was described in the frame of the Langevin formalism taking
into account distribution of core diameter. The established average magnetic dipole moment and core diameter is
equal to about 460 µB and 3 nm, respectively. It was shown that magnetic birefringence and the Cotton�Mouton
constant can be powerful parameters in identi�cation of the magnetic core structure of ferritin, especially useful
in biomedicine.
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1. Introduction

The ferritin is a protein which serves as a storage cap-
sule of iron inside living organisms. The protein itself
(apoferritin) is an almost perfect sphere, with outer di-
ameter about 12 nm, hollow inside, with about 7 to 8 nm
inner diameter. Recently it was shown that the hollow
structure of apoferritin can be exploited as an excellent
reaction vessel for nanoscale synthesis of di�erent min-
erals. Up to date many compounds have been synthe-
sised within this protein cage [1, 2] and potential ap-
plications in electronics and biomedicine were discussed
[3�5]. The ferritin-mineral complex with a magnetite (or
a maghemite) as a core mineral, is called magnetofer-
ritin (MFer) [1]. Discovery of biological magnetite in the
human brain [6] and relation of its presence with neu-
rodegenerative disorders [7] have prompted investigation
of physicochemical properties of ferritin and magneto-
ferritin [8, 9]. Of particular interest is the search for
methods allowing detection of magnetite inside ferritin
proteins both in vitro and in vivo.
The static birefringence of dilute ferro�uids exposed

to external magnetic �eld results from the orientation of
optically anisotropic particles along the magnetic �eld di-
rection. The degree of orientation depends on the energy
related with the interaction between particle's magnetic
moments (both induced and/or permanent) and the mag-
netic �eld. Thus magnetic �eld induced birefringence
(∆n) can be the e�ect potentially able to be used for
discrimination between magnetic core structure of fer-
ritin and magnetoferritin which is the subject of present
study.

2. Experiment and calculations

A natural biogenic ferritin was the horse spleen fer-
ritin (HSF) (lot 079K7 001) obtained from Sigma-Aldrich
(iron concentration cFe = 7.1 g/L) and used without fur-
ther treatment. Synthetic ferritin, i.e., MFer was de-
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rived from equine spleen apoferritin (Sigma-Aldrich) us-
ing the synthesis scheme described in our papers (cFe =
0.126 g/L) [10, 11]. The real loading factor (LF), i.e.
number of iron ions inside ferritin cage, estimated using
a UV-Vis spectrometry, was found to be LF = 1250. The
superparamagnetic properties of the synthesised MFer
were tested and the blocking temperature TB was estab-
lished to be ≈ 25 K, details are described in our papers
[10, 11].

Optical birefringence was measured using the labora-
tory made setup described elsewhere [12], which allows
precise measurements of the angle of rotation of the po-
larization plane, Θ for light passing through the sample
placed in a magnetic �eld in the Voigt con�guration. The
light beam from a He�Ne laser (λ = 632.8 nm) was used.

Taking into account permanent magnetic moments of
a mineral core, the orientational e�ect can be described
in terms of the Langevin formalism. The value of bire-
fringence can be calculated using the relation [13�16]:

∆n = ∆nsL2(ξ), (1)

where ∆ns is the saturation birefringence, also for sim-
plicity we assume that anisotropy parameter σ [14] gives
a contribution to Eq. (1) equal to 1. The second order
Langevin term L2(ξ) = 1− 3L(ξ)/ξ, L(ξ) is the �rst or-
der or usual Langevin function, ξ is a Langevin parame-
ter i.e. ξ = µmH/kBT, where µm relates to nanoparticles
magnetic moment, H is magnetic �eld strength, kB is
Boltzmann constant, and T is temperature.

The value of µm can be directly obtained from the �t
of Eq. (1) to experimental static birefringence measured
as a function of H. If the spherical shape of the particles
can be assumed, then the value of magnetic moment is
related to the particles diameter D and its saturation
magnetization ms through the relation

µm = msπD
3/6. (2)

As follows from Eq. (2), if ms is known from indepen-
dent measurements, the �tting procedure allows us to
estimate the particle diameter D (and vice versa).

When the system is a polydisperse suspension, then
Eq. (1) needs to be rewritten taking into account the
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particle size distribution

∆n = ∆ns

∫
L2(ξ)P (D)D3dD∫

P (D)D3dD
, (3)

where P (D) is the most commonly used log�normal size
distribution function with D0 and s as parameters (see
Table) [10, 17]. The particle shape and their distribution
are not taken in explicit form into account in the above
model, however particle shape contributes to ∆ns value.

TABLE

The values of parameters obtained in �tting procedure
i.e. ∆ns, D0, s, with the value of χ2 describing the good-
ness of the �t; together with average magnetic moment
⟨µm⟩, diameter ⟨D⟩ and their standard deviation β for
various values of core magnetisation.

Magnetisation
[kA/m]

323.7 356.9 518

∆ns × 106a 2.021 2.018 2.012

D0 [nm] 2.55 2.48 2.21

s 0.527 0.526 0.523

⟨D⟩ [nm] 2.92 2.84 2.54

β [nm] 1.65 1.60 1.42

⟨µm⟩ [µB] 457 463 479

χ2 0.0629 0.0631 0.0636

a At RT and λ = 632.8 nm, for cFe = 1 g/L.

For the low magnetic �eld region, i.e., when the
ξ ≪ 1, the Langevin function can be approximated by
L2(ξ) ∼= ξ2/15. In this limit the birefringence is propor-
tional to the square of magnetic �eld. The proportion-
ality constant is known as the Cotton�Mouton constant,
CCM [18]:

∆n = CCMλH2. (4)

3. Results and discussion

Magnetically induced optical birefringence ∆n was
measured for HSF aqueous suspension and is shown in
Fig. 1. It was found that the speci�c magnetic bire-
fringence (i.e. ∆n divided by the iron concentration cFe

in g/L) is concentration independent [10]. Such results
suggest that no aggregation of HSF appears. In the whole
magnetic �eld range, i.e., up to 20 kOe no indication of
∆n saturation was noticed and a linear relation between
∆n and H2 is ful�lled (see inset of Fig. 1). This means
that we are in a low-magnetic-�eld limit and only the
Cotton�Mouton constant, CCM, can be calculated. The
speci�c CM constant values (i.e. CCM/cFe) was found to
be CCM = 6.97×10−14 m A−2, which is in a good agree-
ment with previously published results [19].
Distinctly di�erent behavior of magnetic birefringence

can be observed for MFer (Fig. 2). The ∆n(H) shows
clearly non-quadratic dependence. The ∆n value raises
very sharply with increasing magnetic �eld, and reaches
a value close to full saturation at the highest �eld ob-
tainable in the experiment, i.e. 20 kOe. For low mag-
netic �elds (H < 200 Oe) ∆n is proportional to H2,
which allows the calculation CCM using Eq. (4). Low

Fig. 1. Reduced magnetic birefringence ∆n/cFe as a
function of the applied magnetic �eld H for HSF aque-
ous suspension (cFe = 7.1 g/L). The inset shows a plot
of ∆n/cFe vs. H2. The solid line is a linear �t to exper-
imental points to obtain the Cotton�Mouton constant.

Fig. 2. The reduced magnetic birefringence ∆n/cFe as
a function of the applied magnetic �eld for MFer aque-
ous suspension (cFe = 0.126 g/L). The dashed and solid
line are the best �t by a Langevin function using Eqs. (1)
and (3), respectively. The inset shows the particle size
distribution function obtained for two magnetisation
values.

�eld region for MFer is at least two orders of magni-
tude smaller than for HSF. This means that the CCM

for the former compound will be more than four orders
higher. The speci�c CM constant for MFer was found to
be CCM = 3.45× 10−10 m A−2.

Magnetic birefringence dependence for MFer (Fig. 2)
can be interpreted in terms of the Langevin formalism.
The best �t to the experimental data using Eq. (1) (for
discrete value of particle diameter, i.e., monodisperse fer-
ro�uids) is obtained for the average magnetic moment of
the particle µm = 8501 µB. Figure 2 presents very poor
agreement between experimental data and the universal
Langevin curve (χ2 = 0.636). This value µm gives us av-
erage magnetic moment per Fe ion in MFer cage equal to
6.8 µB. The obtained value is much too high if we com-
pare it to the value obtained for the nanoscale magnetite
(i.e. 0.9 µB or 0.83 µB) [10] or bulk magnetite (1.33 µB).
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Fig. 3. Normalized coe�cients dependence on satura-
tion magnetisation, ms. The coe�cients were obtained
in �tting procedure using Eq. (3) (see Table).

It is even higher than the theoretical value for the single
iron ion in high spin state (5.9 µB). This observation,
together with poor �t, suggests that the model expressed
by Eq. (1) is too simple. The simple development is to as-
sume a distribution of MFer magnetic core size (Eq. (3))
instead of uni-modal proposition (Eq. (1)). It should
be noted that the model expressed by Eq. (3) has four
parameters, while Eq. (1) has only two free �tting pa-
rameters. Equation (2) makes the saturation magneti-
zation, ms, and the particle diameter, D, strongly de-
pendent. For this reason, ms, of the particle's material
should be known and kept �xed during �tting procedure.
We can assume that whole MFer core material is made
of maghemite or magnetite, for which ms values, mea-
sured at 2 K, is equal to 323.7 kA/m or 356.9 kA/m,
respectively. With the above assumptions, the best �t
of Eq. (3) to the experimental data appears much better
than observed when using Eq. (1). As it is not easy to
decide whether the crystal structure has a core, it was
tested how the average magnetic moment and core diam-
eter depend on the value of magnetisation used in �tting
procedure.
The �tting results are summarized in Table and shown

in Fig. 3 as normalized parameters i.e. parameter at given
value of ms was divided by the parameter obtained for
maximal ms = 518 kA/m. It may be noticed that for
magnetisation in the range 300 to 518 kA/m the average
magnetic moment per particle/core µm does not change
much and the goodness of the �t as measured by χ2 is
comparable (see Fig. 3). Much higher changes for di-
ameters and especially their standard deviation may be
noticed. Above result suggests that up to certain LF the
core of magnetoferritin will show rather high polydisper-
sity although it is placed in very monodisperse cage of
apoprotein.

4. Conclusion

The magnetic birefringence of biogenic (HSF) and syn-
thetic (MFer) ferritin was studied. The established aver-
age magnetic dipole moment and core diameter is equal

to about 460 µB and 3 nm, respectively. The Cotton�
Mouton constants are roughly four orders of magnitude
di�erent for both studied compounds. Direct observa-
tion of saturation e�ect for MFer, together with the lack
of such e�ect in HSF, should allow for discrimination of
the core of unknown ferritin. It would be highly rec-
ommended to use described magnetooptical method to
identify magnetic structure of brain ferritin.
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