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Abstract

Characterizing the iron distribution in tissue sections is important for several pathologies. Iron
content in excised tissue is typically analyzed via histochemical stains, which are dependent on
sample preparation and staining protocols. In our recent studies, we examined how magnetic
properties of iron can also be exploited to characterize iron distribution in tissue sections in a label
free manner. To enable a histomagnetic characterization of iron in a wide variety of available
tissues, it is important to extend it to samples routinely prepared for histochemical staining, which
often involve use of chemical fixatives. In this study, we took a systematic approach to determine
differences between unfixed and formalin-fixed murine spleen tissues in histomagnetic
characterization of iron. Superconducting quantum interference device (SQUID) magnetometry
and magnetic force microscopy (MFM) were used for macro- and micro-scale histomagnetic
characterization. Perl’s stain was used for histochemical characterization of ferric (Fe3*) iron on
adjacent sections as that used for MFM analysis. While histochemical analysis revealed a
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substantial difference in the dispersion of the stain between fixed versus unfixed samples,
histomagnetic characterization was not dependent on chemical fixation of tissue. The results from
this study reveal that histomagnetic characterization of iron is free from staining artifacts which
can be present in histochemical analysis.
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Introduction

Iron is an important element which regulates many physiological functions. The oxidation
state, mineral composition and confinement of iron play a crucial role in iron homeostasis.
The majority of iron in the human body is intracellular and is either bound to hemoglobin in
erythrocytes (~70%) or stored in ferritin in hepatocytes and macrophages within the liver
and spleen (25%)1. Ferritin is the largest iron-storage protein and encapsulates a 4 to 8 nm
iron-rich core in its 12 nm protein shell, primarily in the form of ferrihydrite ([Fe3*],03).
Splenic macrophages within the red pulp, regulate the storage and recycling of ferritin(iron)
by scavenging damaged or lysed erythrocytes?. A similar behavior is exhibited by
macrophages in other tissues upon an insult or injury, leading to an acute or chronic
accumulation of ferritin(iron) rich macrophages at the site of injury2. Spatial localization and
quantification of ferritin(iron) thus holds widespread relevance in health and disease.

Histochemical staining (e.g. Perl’s stain) is the standard approach for evaluating the spatial
distribution of ferritin(iron) deposits in health and disease using conventional light
microscopy. Histochemical staining primarily provides a qualitative evaluation of iron with a
stronger signal arising from clusters of ferritin(iron) as compared to the weak, diffuse signal
from monodisperse particles?. Transmission and scanning electron microscopy (TEM or
SEM) coupled with energy dispersive spectroscopy (EDS) are also used to morphologically
and chemically identify ferritin(iron) distribution at the sub-cellular level®. Both
histochemical staining as well as ultrastructural electron microscopy analysis involve use of
chemical fixatives (e.g. formalin or glutaraldehyde) in their sample preparation protocols®’.
Several studies have indicated how the buffers® and methodology used (e.g. immersion
versus perfusion®) as well as the duration of fixation® can significantly impact the signal
arising from iron in histochemical analysis. Therefore, avoiding the use of fixatives and
alternative method(s) of analysis continue to be of importance for assessment of spatial
distribution of iron in histology.

Besides its characteristic chemical signature, ferritin(iron) can also be detected via its
magnetic behavior. Analyses using super-conducting quantum interference device (SQUID)
magnetometry10 and Mossbauer spectroscopy! have elucidated that the iron-core of
purified ferritin is superparamagnetic in nature with a magnetic moment of ~200-350
ugl2-14 Magnetometry has therefore been used to analyze iron content in tissue segments
both before®15.16 or after chemical fixationl718, We have recently elucidated how a
magnetism-based microscopy technique, namely magnetic force microscopy (MFM), can
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also be used to spatially localize ferritin(iron)-rich domains in mammalian tissues in a
manner synergistic with histochemical staining319. However, to enable a widespread use of
histomagnetic analysis of iron, it is important to evaluate how the routinely used sample
processing conditions (in particular the use of chemical fixatives) impacts its iron
assessment via histomagnetic approaches.

In this study, we take a comprehensive approach to study the effects of chemical fixatives on
histomagnetic and histochemical analysis of iron in tissue sections. Murine spleen tissue was
processed without and with formalin fixation (a commonly used chemical fixative) and
subjected to analysis via SQUID magnetometry, TEM, MFM and Perl’s histochemical stain.
Image analysis was performed to quantify parameters like particle size and intensity of
signal. We elucidate how histomagnetic approaches offer a unique advantage by being
insensitive to the use of fixatives.

Methods and Materials

Spleen Tissue:

All animal work was performed in agreement with The Ohio State University Institutional
Animal Care and Use Committee. Studies were performed on either 8 month (for SQUID
studies) or 15 month (for Perl’s and MFM analysis) old heterozygous DDR1*/~ mice with a
129Sv/C57BL6 backgroundZC.

Super-Conducting Quantum Interference Device (SQUID) Magnetometry:

Upon euthanasia, spleens (n=5) were extracted and dissected into half lengthwise. For every
animal, each half was immersed in either phosphate buffered solution (PBS) or formalin for
48 hours to generate unfixed (UN) or formalin-fixed (FF) samples, respectively. After
fixation, the samples were rinsed twice in distilled water and then subjected to dehydration
in a graded ethanol series. Thereafter the samples underwent a two-hour critical point drying
(CPD) process in a Tousimis Autosamdri®-931 in an environment of liquid CO,. After
CPD, the individual samples were placed in cylindrical, thin-wall transparent fluoropolymer
fluorinated ethylene propylene (FEP) tubing (Norell) approximately 5mm in height.

SQUID magnetometry was performed by using a MPMS-3 magnetometer (Quantum
Design). To ascertain the blocking temperature (7g) of the samples zero-field cooled (ZFC)
measurements were obtained at a 1 mT applied magnetic field (to break symmetry). The
temperature during ZFC measurements was changed at a rate of 3 K/min. Thereafter,
magnetometry measurements were performed at 10, 30 and 300 K to measure magnetization
versus applied field (M-H) curves. DC fields in the range —7T to 7T were applied to samples
and magnetization was recorded at a minimum of 120 points. After SQUID magnetometry,
the mass of each tissue segment and its total iron content was evaluated using atomic
absorption spectroscopy (AAS) analysis. Magnetization was normalized with regards to total
iron content.

For tissue samples, the magnetic signal in M-H curves is a combination of diamagnetic,
paramagnetic and superparamagnetic contributions. The susceptibility from diamagnetic and
paramagnetic contributions is constant and, therefore, adds a linear component to the
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superparamagnetic signal from ferritin. In order to isolate the superparamagnetic signal, the
diamagnetic contribution was determined by evaluating the slope of M-H curves at high
fields (>7 T), where the signal from ferritin is nearly saturated. The susceptibility from this
region of the M-H curve was then used to calculate the paramagnetic/diamagnetic
contributions to magnetization at each field. Finally, this magnetization was subtracted from
the original data, leaving only signal from superparamagnetic contributions (Figure S1). The
M-H curves thus obtained were utilized to ascertain the saturation magnetization, M,
(maximum value of M).

To estimate size of magnetic particles, a MATLAB curve fitting tool was used to fit M-H
curves with the Langevin equation. The magnetization and applied fields were imported as
Z(z) and zrespectively. The variable D from the Langevin equation,

Z(z) = yy+ Clcoth(Dz) — DLZ]’ 6]

was used to measure the magnetic moment, /7, using
D = muy/kT @)

where kis the Boltzmann constant, 7 is temperature and zpis the vacuum permeability.
Once mwas determined, the particle core radius, , was estimated by assuming that the
particles were spherical and using the (volume) saturation magnetization of ferritin (8
Am?)21 at 30 K as follows:

3 m 1/3
r= (W) (3

Transmission Electron Microscopy (TEM):

From the tissues processed for SQUID magnetometry, a small segment (~1 mm) of the tissue
(after the fixation step) was dissected for TEM analysis. TEM sample preparation and
imaging was performed in accordance with our previous protocol3. Briefly, the tissue
segments were rinsed with PBS and subjected to osmium tetroxide stain (1% percent, 1
hour). Thereafter the samples were dehydrated in graded ethanol series, embedded in
Spurr’s resin and sectioned using a Leica Ultracut UCT ultramicrotome (Leica-
Microsystems). Thick sections were sectioned with ~750 nm depth and stained with a Basic
Fuchsin stain to determine orientation and regions of interest. Thin sections were cut at ~100
nm depth and collected onto copper grids. No post-stains were done on thin sections.
Samples were imaged using a JEOL JEM-1400 (JEOL, Peabody, MA) at 80 kV equipped
with an Olympus Veleta camera.

Atomic Absorption Spectroscopy (AAS):

Post-SQUID analysis, the tissue samples were weighed to determine their mass and
subjected to digestion via a Parr microwave digestion bomb with 0.5 mL or 1.0 mL of trace
metal grade concentrated nitric acid (Fisher Scientific). The digestion bomb was sealed and
placed in an 1150 W microwave for 20 s. Upon cooling, the digested material was
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transferred to a volumetric flask and brought to a volume of 10.00 mL by using nanopure
water?2. A flame atomic absorption spectrometer (Shimadzu AA-7000) was used to
determine the concentration of Fe in the spleen samples. The iron hollow cathode lamp was
set to 248.3 nm and a slit width of 0.2 nm was used during analysis. The air-acetylene
mixture had a flow rate of 2.2 L/min. Standards of Fe were prepared in the range of 0.5-10.0
ppm using 1000 ppm Fe stock solution (Acros Organics, AAS grade). Each standard and
sample were measured at least 4 times. Concentration of the samples was determined by
using the linear regression fit of absorption versus concentration of the standards.

Perl’s staining:

Upon euthanasia, spleens (n=6) were extracted and dissected into three segments (~5 mm)
along their length for microscopy analysis. The three segments from each spleen were
subjected to treatment with one of the three fixatives: formalin (10%), glutaraldehyde (2%)
or PBS control. After incubating the samples in their respective solution for 24 hours, they
were rinsed three times with PBS and thereafter embedded in Optimal Cutting Temperature
(OCT), flash frozen in liquid nitrogen and stored at —80°C till further use. OCT embedded
tissue was cryo-sectioned to a thickness of 5 um on glass slides. Histochemical Perl’s
staining was performed on three adjacent sections from each OCT block as described
earlier3. Briefly, after removing the OCT via several rinses in PBS, the sections were
incubated with 0.1% Triton X-100/PBS, briefly rinsed with PBS and then incubated in
hydrogen peroxide (6% H,05 in methanol). After another brief PBS rinse, slides were
incubated in a 50% potassium ferrocyanide and 50% hydrochloric acid solution for 20
minutes. Slides were rinsed in PBS and dehydrated in graded ethanol. Finally, slides were
mounted with Permount™ Mounting Medium.

Slides were imaged using an Axio Imager.Z2 (Zeiss) microscope equipped with an Axiocam
503 Color (Zeiss) camera and a Zen 2.3pro software. All slides were imaged at a constant
exposure setting of 250us and 800ps for 10x and 20x magnification, respectively. FIJI
ImageJ was used to analyze images for particle size and percent area stained by utilizing the
threshold feature to isolate stained particles and areas.

Magnetic Force Microscopy (MFM):

Adjacent sections as those used for Perl’s staining were sectioned to a thickness of 5 ym and
mounted on poly-lysine coated glass cover slips as described earlier3. After washing off
OCT and drying the sections in ambient air, MFM imaging was performed using a
Multimode AFM equipped with a Nanoscope Illa Controller (Bruker). Magnetically coated
high-moment MFM probes (ASYMFMHM, Asylum Research) were used to scan the
samples at a scan rate of 2 Hz with 512 lines per scan. MFM images were acquired in the
interleaved lift mode at lift heights (z) ranging from 0 to over 100 nm.

MFM phase images at a lift height of 30 nm were used to measure phase difference and
particle size by using the NanoScope Analysis 1.9 software. Phase difference was measured
using the section analysis feature while the area of particles was measured using the
threshold feature (for phase < —10°) of the software. Measurements were performed on at
least n=10 particles per sample for each treatment for each animal.
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Statistical analysis:

Results

An unpaired student’s t-test assuming equal variance was used to compare the various
parameters across fixed and unfixed samples. All statistical analysis performed considered a
p-value <0.01 significant.

Macroscale histomagnetic characterization

Super-conducting quantum interference device (SQUID) magnetometry was used to
characterize the macroscopic, ensemble-average magnetic properties of unfixed (UN) and
formalin-fixed (FF) tissue samples. As shown in Figure 1, the blocking temperature, 75
estimated from ZFC curves was 11 + 0.45 and 11 + 0.66 K for UN and FF samples,
respectively, and did not change significantly across samples. Hysteresis curves (M-H
curves) were recorded slightly below (at 10 K) and above (30 and 300 K) Tg for each
sample. Figure 2 shows an increase in the magnetization (M) with applied magnetic fields
(H). No complete saturation was observed even at high H, which is commonly found in the
magnetometry studies of ferritin?L. The saturation magnetization (M) determined at each
temperature did not significantly differ across UN versus FF samples (Figure 3A). The M-H
curves were also utilized to estimate the particle size of magnetic carriers. The average
particle radius in UN and FF samples was 3.8 £ 0.2 nm and 3.8 + 0.1 nm, respectively, with
no statistically significant difference between the two samples (Figure 3B). The particle size
determined from SQUID magnetometry was found to correspond to the size of ferritin(iron)
cores as determined from TEM images of spleen tissue in our current as well as earlier
study?9.

Microscale histomagnetic characterization

To characterize the magnetic behavior of ferritin(iron) deposits at the microscale level, we
employed magnetic force microscopy (MFM) analysis on unstained tissue sections. MFM
phase images at a lift-height (z) of 30 nm were utilized to assess long-range attractive
magnetic forces between the MFM probe and the magnetic domains in the sample. The
magnitude of the negative phase shift corresponds to the intensity of magnetic interaction
between the probe and samples. Figure 4A-B shows typical MFM phase images for UN and
FF samples. Figures 4C-D show how the area (regions corresponding to MFM signal) and
the intensity (magnitude of phase shift) of MFM signal were not significantly different
between UN versus FF samples.

Microscale histochemical characterization

To determine the distribution of ferric iron (Fe3*), in the form of ferrihydrite found in ferritin
cores, Perl’s staining was performed on adjacent sections to those used for MFM analysis.
As shown in Figure 5A, UN sections showed well-defined, tightly packed particulate iron
deposits while FF samples showed an increase in the dispersion of iron. Particle size
analysis showed an abundance of smaller particles in FF samples as compared to UN
samples (Figure 5B). Further, FF samples revealed an increase in the percent area stained
positive for iron (Figure 5C).
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Discussion

Our macroscale SQUID magnetometry measurements indicate that the 7z shape of M-H
curves, and Mg values as well as average particle size (from Langevin fit) indicates no
significant changes between fixed and unfixed samples. An earlier report on one sample had
indicated that the magnetization values of brain tissue after seven day fixation in formalin
decreases its magnetization23. However, our results are consistent with a recent study, which
reported that formalin fixation even for extended periods (~ 5 months) did not yield
significant differences in magnetometry analysis of brain tissue?4. Since the magnetic
properties of nanoparticles are sensitive to their size, as well as chemical structure of iron
oxide (e.g. change from ferrihydrite to magnetite) we postulate that the ferritin iron cores
had a similar composition in both fixed and unfixed samples?® and interparticle interactions
did not change considerably with treatment condition. This is also indicated by our Tg
values of ~ 11 K determined for both fixed and unfixed murine spleen tissue, which are in
agreement with ~ 10 K reported for human spleen®.

Our microscale histomagnetic analysis via MFM could further map individual iron deposits
in tissue sections in a semi-quantitative manner. As shown in our previous studies, the size(s)
of MFM-positive regions corresponds to ferritin(iron)-rich lysosomes3,1°. No significant
differences were observed in either the intensity of MFM signal or the size of MFM positive
regions between the unfixed and fixed samples, indicating that the lysosomal ferritin(iron)
did not undergo significant changes upon fixative treatment, at least within the sensitivity of
the used techniques.

Histochemical staining on the other hand showed significant differences in iron distribution
with more dispersed staining in formalin-fixed tissue. A similar feature was also observed in
glutaraldehyde fixed tissues (Figure S2). Our results agree with previous studies which have
addressed the biochemical cause for discrepancies between fixed and non-fixed samples.
Tissue immersed in formalin for short or extended time periods (<30 days) have shown iron
leeching®. Formalin has been shown to naturally oxidize26:27 and react with Perl’s stain28
forming formic acid which has a larger reactivity to ferrocyanide resulting in a staining
artifact.

Thus, taken together, our results elucidate that the macro- and micro-scale evaluation of iron
in biological tissues via histomagnetic approaches is not significantly affected by use of
chemical fixatives. Histomagnetic approaches can also offer an advantage over
histochemical approaches to better correlate in-vivo estimates of iron (ascertained using
magnetic resonance imaging) with its ex-vivo analysis on fixed or unfixed tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1. Macro- and micro-scale magnetic characterization of ferritin(iron) is
independent of chemical fixatives in biological tissues.

2. Magnetic force microscopy can serve as a label-free and complementary
method to histochemical iron staining
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Figure 2:
Magnetization (M) vs. Applied Field (H) i.e. M-H curves at three different temperatures for

fixed and unfixed spleen tissue samples as indicated. The shapes of the curves reveal
minimal hysteresis and a reduction in magnetization from 10 K to 300 K, characteristic of
superparamagnetic material (ferritin).
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Figure 3:
(A) Saturation magnetization (M) ascertained using M-H curves at respective temperatures.

(B) Average particle size from Langevin fitting of M-H graphs. Inset: TEM images of
electron dense ferritin particles (red arrows) in/near the lysosomes in cells. No significant
difference between fixed versus unfixed samples were found in any of these parameters
(p>0.01).
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Figure 4:
Magnetic force microscopy (MFM) phase images of (A) unfixed and (B) formalin-fixed

samples acquired at a lift height of z= 30 nm. The area (C) and magnitude (D) of MFM
phase shift revealed no significant difference across fixed and unfixed samples.
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Figure 5:
(A) Perl’s stained images (black particles) for unfixed and formalin-fixed mouse spleen

tissue to characterize the distribution of ferric iron (Fe3*) via histochemical staining. Scale
bars are 100um. (B) Normalized distribution showing the area of Perl’s stained particles.
Formalin-fixed samples exhibited a higher percentage of smaller particles compared to
unfixed samples. (C) Percentage of total area stained in each sample. Formalin-fixed
samples had significantly larger fraction of stained area (“*” represents p<0.01).
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