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Iron clearance pathways after the injection of °’Fe;04-based ferrofluid into the brain ventricles were
studied histologically and by Mossbauer spectroscopy. It was found that the dextran coated initial na-
nobeads of the ferrofluid disintegrated in the brain into separate superparamagnetic nanoparticles
within a week after the injection. The exogenous iron completely exited all ventricular cavities of the

brain within a week after the injection but remained in the white matter for months. Kupffer cells with
the exogenous iron appeared in the rat liver 2 hours after the injection. Their concentration reached its
maximum on the third day and dropped to zero within a week. The exogenous iron appeared in the
spleen a week after the injection and remained in the spleen for months.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Methods of a medication treatment of brain diseases are
principally different from the methods of treatment of other hu-
man organs due to the presence of the skull. The braincase pre-
vents direct injection of the drug to the pathological region of the
brain by the syringe. Another traditional method of drug delivery
is its delivery through the blood circulation by immersing the drug
into the bloodstream. This method also proves to be ineffective too
due to the presence of the blood-brain barrier (BBB)-a system of
endothelial cells that separates the blood from other intrabrain
fluids-interstitial fluid bathing neurons and neuroglia and the
cerebrospinal fluid that circulates around brain ventricles and
spinal cord [1]. As a result, nearly 98% of exogenous molecules
passing through the blood vessels in the brain do not cross the
blood vessel walls [2]. That's why the drug delivery through the
BBB is a challenge in the treatment of brain's oncological or neu-
rological disorders. Various strategies have been proposed to cir-
cumvent the BBB. The simplest transcranial approach invasively
bypasses the BBB by drilling a hole in the skull and injecting
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probes or drugs intracerebrally or intracerebroventricularly [3]. At
present, intracerebral injection is the gold standard in the field,
however the procedure of opening the skull is very dangerous
[4,5]. Colloidal magnetic drugs show great promise as drug de-
livery systems for alternative passing through the BBB. The tech-
nology is based on the concentration of the magnetic drug in the
blood vessels of the brain by external magnetic field [6-9]. This is
followed by the transportation of the drug through the barrier
which is performed using monocytes/macrophage [10-15], ultra-
sonic [16,17] or optical [2] methods. Usually the magnetic beads
for in vivo application consist of superparamagnetic nanoparticles
of iron oxide. The choice of the iron is due to the assumption of it's
biocompatibility: human organism contains about 4 g of en-
dogenous iron, mainly in ferritin and hemoglobin forms. On the
other hand, the nanoparticles exhibit higher toxicity as compared
to the molecular form, can penetrate through the cell barriers,
circulate and accumulate in organs and tissues. The specific feature
of the brain, which is the presence of the blood-brain barrier,
additionally complicates the processes of clearance of nano-
particles. Therefore, the question of whether there is a mechanism
of biodegradation or excretion of iron nanoparticles from the brain
is crucial for the development of the described technology, and
requires a clear answer for the introduction of the method into
clinical practice. In [18] we used a direct transcranial injection


www.sciencedirect.com/science/journal/03048853
www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2014.10.084
http://dx.doi.org/10.1016/j.jmmm.2014.10.084
http://dx.doi.org/10.1016/j.jmmm.2014.10.084
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2014.10.084&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2014.10.084&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2014.10.084&domain=pdf
mailto:polikarpov.imp@gmail.com
http://dx.doi.org/10.1016/j.jmmm.2014.10.084

D. Polikarpov et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 78-84 79

procedure in order to bypass the blood-brain barrier. There is no
barrier between the interstitial and the cerebrospinal fluid. As a
result, the nanoparticles staying in either of these two fluid
compartments are free to exchange and reach any brain structures
[2,19]. Three months later the brain was extracted and analyzed
with the histological and Mossbauer spectroscopy methods. It was
found that Fe;04 nanoparticles had completely disappeared from
the brain. Unfortunately, within the framework of our preliminary
study we were not able to determine the mechanism of particles
excretion. This excretion may be caused both by biodegradation in
the brain and excretion from the brain followed by subsequent
biodegradation in the liver. In the present study we tried to elu-
cidate this mechanism.

1.1. Experimental

1.1.1. Magnetic particles

57Fe;0, magnetic nanoparticles were synthesized by co-pre-
cipitation of water solution of hydrate of iron chloride FeCl,.4H,0
and solution of *’FeCl; in 0.1 M HCl (Fe?*:Fe** =1:2) in 30% so-
lution of ammonium hydroxide, NH4OH. After incubation at 90 °C,

the particles underwent magnetic separation and flushing in 2 M
HNOs followed by their introduction into distilled H,O to form a
suspension. The as-produced suspension was supplemented with
70 kDa dextran from Leuconostoc spp. (Sigma, USA). After re-in-
cubation at 80 °C, the particles were triply flushed in dH,O by
centrifuging. Then the particles were sorted for the selection of
batches of particles with similar dimensions. The powder of
o—>"Fe,05 enriched to not less than 99% by stable isotope >’Fe
used in this work was obtained from JSC “PA “Electrochemical
Plant”, Russia. The initial trivalent >’FeCl; was synthesized by di-
rect solving o —>’Fe,05 in HCI. As a result the as-produced >’Fe304
nanoparticles are enriched in the >’Fe stable isotope minimum to
66%, which is more than 30-fold excess of the >’Fe content in
nanoparticles of magnetite of natural isotope composition [20].

1.1.2. Rats

17 Wistar rats weighting 200-250 g were used for the experi-
ment. The animal care facility was kept under a natural light/dark
cycle. The rats were housed individually and were provided with
water and food ad libitum. All animal care standards and protocols
were in compliance with the NIH guide for the care and use of
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Fig. 1. Cross-sections of rat brains at different depths are shown at different time points after the injection of ferrofluid, stained on ferric iron (Prussian blue).
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laboratory animals (NIH Publications no. 80-23, revised 1996). Five
milligrams of the magnetic nanoparticles (dry weight of iron
oxide) suspended in 5 pL of PBS were injected transcranially in the
right lateral ventricle of the brain (AP=—-0.8 mm, L=1.5 mm,
H=3.8 mm, according to atlas [21]). The injections were per-
formed under chloral hydrate anesthesia (400 mg/kg). The rats
were sacrificed in 15 min, 2 h, 1, 3, 7, 14, 28, 49 and 84 days after
the injection. Brain, liver and spleen were extracted for morpho-
logical and Md&ssbauer studies.

1.1.3. Methods

1.1.3.1. Histology. The main aim of the presented study was to see a
transfer of iron from exogenous nanoparticles to any endogenous
form of iron. There are many endogenous iron phases in the brain
tissue, which include heme iron, different forms of ferritin and
hemosiderine, magnetite, maghemite and even wustite [22-28].
The first histochemical study of the iron concentration distribution
in the brain was fulfilled by Spatz [29] almost one hundred years
ago using Perl's stanning method. Since then, the method has
become a major in the study of iron distribution despite the

variety of possible forms of iron in the brain, noted above. In
reality the Perl's stanning is selectively sensitive to the ferric iron.
So it cannot be equally sensitive to all forms of brain iron. For
example, iron revealed by Perl's stain usually has a higher con-
centration in the grey matter, with negligible staining in the white
matter. However recent magnetic resonance imaging studies re-
vealed that iron concentrations in some white matter regions are
similar to those in grey [30]. Generally the valence state of iron can
switch between ferric (Fe3+) and ferrous (Fe2+) under in-vivo
conditions in the processes of iron uptake, transport, and storage
[31]. Therefore, in this work we tried both ferric (Perls) and ferrous
staining.

1.1.3.1.1. Sampling. Sampling of material for histological studies
was performed using perfusion. For this purpose the animals were
anesthetized with Nembutal (50 mg/kg). Through the circulatory
system of the rat passed the first wash solution for 2 min con-
taining 0.9% sodium chloride solution with 0.02% sodium heparin,
and then the first fixing solution (2% solution of paraformaldehyde
in phosphate buffer, pH=7.2-7.4), for 3 min and the second fixing
solution (4% paraformaldehyde solution in phosphate buffer,
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Fig. 2. Cross-sections of rat brains at different depths are shown at different time points after the injection of ferrofluid, stained on ferrous iron.
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Fig. 3. Cross-sections of the liver (two random samples) and the spleen (two random samples) of the rats are shown at different time points after the injection, stained on

ferric iron (Prussian blue).

pH=7.2-74), for 10 min. Then the brain, liver and spleen were
extracted and placed in 4% paraformaldehyde solution in phos-
phate buffer (pH=7.2-7.4). For histological studies the organs for
12 h were placed in 20% sucrose solution in phosphate buffer
pH=7.2-74) at a temperature of 40 °C. Then they were dried by
filter paper and frozen in liquid nitrogen vapor. The slices thick
18 pm were produced on a cryostat Zeiss Microm HM 505 E at a
temperature of —20 °C to 22 °C. In the brain we did 5 sections:
+0.96 mm,—0.84 mm, —156mm, -—-4.08mm, -11.52m to
bregma. In the liver we did 3-4 sections of 3 liver lobe. The re-
sulting sections were mounted on glass slides Menzel GmbH&Co
KG, coated with a solution of gelatin. The resulting slices were
dried at room temperature for 24 h.

1.1.3.1.2. Stain on ferric iron (Perls stain). Portion of sections
were stained by the Perls (the reaction product—Prussian blue). To
do so, we first prepared staining solution containing 2% aqueous
solution of potassium ferrocyanide and 2% solution of hydrochloric
acid, which were mixed together in equal proportions im-
mediately before use. Staining was performed as follows: the dye
was applied to the slices for 30 min, then the glass slides with
slices were put in 70% (30 s), 96% (30 s), and twice in 100% (30 s)
alcohol, and then 2 min the glass slides with slices were placed in
toluene. Slices were entered in the medium (Bio Optica, Italy)
under a coverslip. Stained slices were examined under a light
microscope Axioplan 2 (Zeiss, Germany). As a result of the staining
clusters of Fe3O, nanoparticles and clusters of hemosiderin in
macrophages become dark blue, cell nuclei, basophilic substance
and fibrin acquire different shades of red.

1.1.3.1.3. Stain on ferrous iron. Staining of sections was per-
formed for 1 h in a freshly prepared solution of 0.4 g of potassium
ferricyanide in 40 ml of an aqueous solution of hydrochloric acid
(2.5 mL of hydrochloric acid and 497.5 mL of distilled water). The
slices were then washed in 1% acetic acid (1 mL glacial acetic acid
and 100 ml of distilled water). After rinsing in distilled water,
sections were stained with the dye in Nuclear Fast Red Sodium Salt
for 5 min. After rinsing in distilled water, sections were dehy-
drated in alcohols of increasing concentration: 70°, 96°, 100°. The
sections were then placed for 5 min in toluene and embedded in
the medium (Bio Optica, Italy) under the coverslip. As a result of
the staining a ferrous iron becomes blue.

1.1.3.2. Mossbauer spectroscopy. The lyophilized tissue were
ground for preparation of the samples for Mossbauer study. The
Mbssbauer absorption spectra of °’Fe nuclei in the prepared
samples were measured at room temperature on a conventional
spectrometer in the constant-acceleration regime and transmis-
sion geometry using a °’Co/(Rh) radioactive source.

2. Results and discussion
2.1. A. Histological examination
2.1.1. Study of the brain

It is known that the magnetic beads rapidly change their phy-
sical and chemical properties after administration into a living
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Fig. 4. >’Fe Mossbauer spectra of intrinsic °’Fe;0,4 nanoparticles (NP), brain, liver
and spleen, measured 1 day after the injection. T=300 K.

organism [32]. Therefore, the coloring of brain sections was done
by the dyes, selective to the trivalent iron (Fig. 1) and to the di-
valent iron (Fig. 2). It was done in order to identify any possible
products of their disintegration and biodegradation. 15 min and
2 h after administration of the ferroliquid into the left lateral
ventricle, 2-and 3-valent iron was detected at all levels of the brain
ventricles till cerebellum, and in some areas of white matter in the
left cerebral hemisphere. Iron in a small amount was also detected
in the ventricle of the right hemisphere. After 3 days, the iron
remains in the left ventricle (levels 2-4) and white matter (levels
3-4). After 7 days, the iron in a very small amount was observed in
the lateral ventricle. The content of iron in the white matter in
both hemispheres at 2-3 levels remained as high. After 14 days the
individual granules of iron were found in the loops of the choroid
plexus in the ventricles and the bit in the white matter at levels of
1-4 (2-valent iron) or 2-4 (3-valent iron). After 28 days the iron
was found only in the white matter. Everywhere the content of
divalent iron is more than trivalent. After 49 days the iron re-
mained only in the white matter of both hemispheres at levels
2 and 3. In ventricular cavity iron was absent. We saw only solitary
individual granules in the loops plexus. After 84 days the iron was
found only on the 2 and 3 levels in the white matter of the left
hemisphere.

To summarize we can conclude that ferrous and ferric iron
were found in the brain in all days after injection. The greatest
amount was detected immediately after injection, the lowest-49
and 84 days. After 7 days the iron was not determined in the
ventricular cavities, except for rare content in the loops of the
choroid plexus. However, the iron still remains in the white mat-
ter. Iron that has reached the white matter will stay there for very
long time periods.

2.1.2. Study of the liver and the spleen

Fig. 3 shows the cross-sections of the liver (two random sam-
ples) and the spleen (two random samples) of the rats 1, 3, 7,14, 28
and 49 days after the injection of ferrofluid, stained on ferric iron
(Prussian blue). In the liver both 2 and 3 valent iron was found
only in the early period after administration of the ferrofluid into
the lateral ventricle of the brain. Iron containing macrophages
(Kupffer cells) were seen already after 2 h. The number of such
cells was increased within 24 h. After 3 days the number of such
cells was maximum. After 7 days the iron was not detected in the
liver. It is seen that, unlike the clearing of liver, the clearing of the
spleen occurs heavily, so the iron was stored in it during all the
periods of the experiment.

2.2. Madssbauer Spectroscopy

Histochemical method enables to see the picture of iron spatial
distribution on the slices of the rat's organs. Unfortunately, this
method cannot give information about the physical and chemical
state of the iron. On the contrary the Mdssbauer spectroscopy
method is insensitive to the spatial distribution of the iron but is
able to distinguish magnetic nanoparticles with different sizes or
the iron in different chemical compounds. Fig. 4 shows the >’Fe
Méssbauer spectra of intrinsic >’Fe;0, nanoparticles (NP) in
comparison with the spectra of the brain, liver and spleen, mea-
sured one day after injection of this NP. It is seen that the inclu-
sions of the exogenous iron in these organs, which looked the

v, mm/s

Fig. 5. °’Fe Mossbauer spectra of brain and liver, measured before injection, 2 h, 1,
3, 7, 28 days after the injection. T=300 K.
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same on the histological Figs. 1, 2 and 3, are characterized by
different Mdssbauer spectra.

Mossbauer spectrum of the intrinsic magnetic nanoparticles in
Fig. 4 represents a Zeeman sextet of lines. The asymmetrical shape
of it's lines with sharp outer and smeared inward sides gives
evidence of the presence in the sample of the ensemble of su-
perparamagnetic nanoparticles, which are connected by magnetic
dipole interactions. The spectrum of these particles in the brain is
completely different and characterized by the presence of Zeeman
sextet of lines superimposed on the very broad central doublet of
lines. Extreme width of the doublet indicates its relaxation nature,
i.e., it reveals the presence in the sample of the oscillations of the
magnetization vectors with a frequency commensurate with the
lifetime of the excited state of the Mossbauer nucleus (1072 s).
Spectrum of magnetic nanoparticles in the liver is characterized by
the presence of a much weaker Zeeman sextet of lines super-
imposed on the sharp central doublet of lines. This shape of the
spectrum indicates the presence in “1 day” liver of smaller mag-
netic clusters and much smaller sized nanoparticles than in the “1
day” brain. The “1 day” spectrum of the spleen reveals an absence
of the interparticle dipole magnetic interaction in the sample at
all.

Mossbauer spectra of the liver and the brain measured in dif-
ferent time intervals after the transcranial injection of the mag-
netic ferrofluid are shown in Fig. 5. As can be seen, the additional
paramagnetic component reveals in the center of the brain spec-
trum in 2 h after the injection of magnetic ferrofluid into the brain.
The paramagnetic component is superimposed on the Zeeman
sextet of the intrinsic NP in the Mossbauer spectra measured 1 and
3 days after the injection. In a week after the injection the sextet
practically disappeared and only this paramagnetic component
remains in the spectra measured 7 and 28 days after the injection.
This means that the injected magnetic beads, based on the syn-
thesized >’Fe;0, nanoparticles, undergo an intensive biodegrada-
tion in the live brain. Such changes in the shape of the Modssbauer
spectra of the biodegradable magnetic beads have been studied in
Ref. [33]. It was shown that nanosized superparamagnetic particles
were combined into groups in the initial ferrofluid and were
connected inside each group by magnetic dipole interaction. It was
found that the appearance of a paramagnetic doublet in the
spectrum of mouse liver is caused by the decrease of the magneto-
dipole interaction between the superparamagnetic nanoparticles.
So, in our case, the dextran coated intrinsic nanobeads disin-
tegrated in the brain into separate superparamagnetic °’Fe;0,
nanoparticles during a week. Then the concentration of the re-
sulting superparamagnetic nanoparticles in the brain mono-
tonically falls with time.

Just in a few hours after injection, the liver spectrum (right
column) demonstrated an appearance of a weak six-line compo-
nent, corresponding to the initial nanobeads, and the central su-
perparamagnetic doublet, corresponding to the separated >’Fe;0,4
nanoparticles. Then the concentration of exogenous iron in the
liver rises reaching its maximum in 3 days. With further increase
in time after injection the concentration of nanoparticles in the
liver begins to fall. This is illustrated in Fig. 6. In the figure the
dependence of the areas of the Mossbauer spectra of the brain and
liver on time after administration the ferrofluid into the ventricle
of the brain is shown. In the first approximation, the areas of the
spectra are proportional to the concentrations of exogenous iron in
the samples of the organs.

Within the framework of this work, the authors had no in-
tention to investigate the distribution and biodegradation of exo-
genous iron in the spleen of experimental animals. Initially it was
assumed that the biodegradation processes in the liver and spleen
are similar due to the presence in these organs large amounts of
the same iron depositing protein ferritin. However, histological
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Fig. 6. Dependence of the areas of Mossbauer spectra of exogenous iron in brain
and liver on time after administration the ferrofluid into the ventricle of the brain.

examination of the liver and spleen, presented in Fig. 3, showed a
fundamental difference in the mechanisms of processing of iron
nanoparticles in these organs. Based on these data, authors plan to
conduct a more detailed study of total biodegradation processes of
magnetic nanoparticles in the brain, liver and spleen in the near
future.

3. Conclusion

It was found that the dextran coated magnetic nanobeads fol-
lowing their injection into the cerebrospinal liquid of live brain
undergo an intensive disintegration into separate super-
paramagnetic nanoparticles in the same manner, as described
before for the nanobeads after their injection into the blood [33].
The blood brain barrier does not prevent the transfer of the su-
perparamagnetic particles from the ventricles of the brain to the
liver and spleen. Therefore it can be concluded that the biode-
gradation of the magnetic beads, after their injection to the ven-
tricles of brain follows the same path as that of the magnetic beads
after their injection to the blood.
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