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ARTICLE INFO ABSTRACT

Keywords: Detection of iron-oxide nanoparticles in biological samples has widespread applications. Iron can be naturally
Magf‘.eﬁc force microscopy present in biological tissues as physiological ferrihydrite particles of ferritin(iron) or as biogenic magnetite
Ferritin nanoparticles in certain neurodegenerative pathologies. In our previous studies, we had reported how magnetic
Isrpolzen force microscopy (MFM) can be used to map iron deposits in tissue sections in a label-free manner. In this study,
Brain to improve the efficiency of MFM for histological analysis, we explored the effect of increasing scan rate. Our

results show how MFM images of tissue sections can be contaminated with artifacts due to topographical cross-
talk, especially at higher scan rates. These artifacts were observed in rodent spleen as well as in sections of brain
tissue obtained from patients with Alzheimer’s Disease. Our results show how topographical cross talk can make
it challenging to unambiguously detect histological iron via MFM. Multimodal approaches can help overcome

some of these limitations.

1. Introduction

Ferritin is the largest iron-storage protein in the mammalian body
comprising of a ~5 to 8 nm iron-oxide core in the form of super-
paramagnetic Fe®* rich ferrihydrite [1]. However, under certain path-
ological conditions, alternate composition (e.g., Fe?* rich magnetite)
has also been reported which can significantly impact its magnetic
properties. Current techniques to spatially map iron in tissue sections
exploit its chemical composition. These include the Perls or Turnbull’s
staining to detect Fe>* or Fe?* and analytical electron microscopy to
detect the X-ray spectral signature of iron. While these techniques have
progressed our understanding of both physiological and pathological
iron, there remain challenges when attempting to characterize biolog-
ical deposits. These include mismatch of iron distribution ascertained
using magnetism based and chemical detection techniques. Further, our
ability to simultaneously ascertain the particle size, density, oxidative
state, and biochemical environment of iron deposits remains limited. In
this regard, techniques which can spatially map biological iron in tissue
sections via its magnetic properties and are compatible with routine
histological staining can be particularly attractive [2].

Magnetic force microscopy (MFM) is a scanning probe microscopy-
based technique which enables spatial mapping of magnetic domains
on a sample surface [3]. In its most conventional format, the MFM
technique employs a magnetically coated probe to scan a sample in the
non-contact or dynamic mode of atomic force microscopy (AFM). This
method involves tracking the sample topography in which the probe
directly touches the sample. Thereafter interleaved scans at various lift
heights (z) above the topographic height are obtained to detect the long-
range magnetic forces present between the MFM probe and magnetic
domains on the sample. In the case of superparamagnetic particles, the
MEFM probe is used to both induce as well as detect magnetic moments in
the particles in a label-free manner.

Although MFM was initially used to characterize solid-state devices
(e.g. recording media in hard drives), recent years have witnessed a
growing use of MFM to study various kinds of magnetic nanoparticles
[4-6]. For superparamagnetic nanoparticles, MFM has been useful to
evaluate the magnetic moment [7,8], magnetic anisotropy and domains
[9,10], magnetization curves [11], and the effect of particle aggregation
[12,13]. Applications of MFM have also extended to evaluate biological
samples [14] such as ferritin proteins [15,16], cells labeled with
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magnetic particles [17], and endogenous magnetic (iron) deposits in
bacteria [18,19] and in mammalian tissues [20,21].

In our previous study on rodent spleen (a tissue well-established to
consist of ferritin(iron) rich lysosomes) we had reported how MFM could
yield features with negative phase shifts in regions corresponding to
Perls staining with little to no signal in other regions [20]. The size of
these features corresponded to that of ferritin-rich lysosomes present in
the splenic macrophages. However, the need to perform interleave
modes at multiple lift heights can be time consuming. In this study, to
improve the efficiency of MFM experiments, we examined the effect of
increasing the scan rate. Our investigations reveal that MFM images of
biological tissue sections can be contaminated with artifacts arising due
to topographical cross-talk. We elucidate the presence of scan-rate
dependent artifacts in MFM images of rodent spleen as well as human
brain tissue. Taken together, a multimodal analysis coupling MFM with
other modalities is ideally suited to unambiguously identify iron de-
posits in tissue sections.

2. Materials and methods
2.1. Tissue procurement and processing

Rodent spleen: All animal procedures were performed in accordance
with and after approval by the Ohio State University (OSU) Institutional
Animal Care and Use Committee (IACUC). Spleen was extracted from
adult female Sprague Dawley rats (n = 3) after euthanasia. Small seg-
ments (~3 mm in size) of spleen were dissected and fixed in 4% para-
formaldehyde for 48 h.

Brain tissue: Coronal slices (~2 cm thick), including the hippocam-
pus from Alzheimer’s disease (AD) brain tissue (n = 3) was procured
from the Buckeye Brain Bank (BBB) at OSU. These samples have been
histologically pre-classified as Braak V or VI using the National Institute
of Aging-Alzheimer’s Association ABC Scoring system [22,23]. The AD
brain was collected 5-48 h postmortem, sliced and frozen (-80 °C)
without the use fixatives. For histological analysis, small segments (~3
mm in size) of the hippocampus from AD brain tissue were dissected and
fixed (in 4% paraformaldehyde) for 48 h. Similarly preserved, control
non-AD brain tissue was obtained from age and gender matched subjects
through the Comprehensive Human Tissue Network program at OSU.

After fixation, all tissue segments were rinsed with phosphate buffer
solution (PBS), embedded in optimal cutting temperature (OCT) me-
dium for two hours at room temperature and flash frozen in liquid ni-
trogen. The OCT-embedded tissue blocks were sectioned using a HM 550
cryostat (Microm) at 6 pm thickness and placed on Superfrost Plus Mi-
croscope slides (Fisher Scientific). At the time of use, the sections were
rinsed in PBS, followed by an hour wash in dH»0 and air dried overnight
at 4 °C.

Another set of rodent spleen tissue segments were fixed in 2%
glutaraldehyde, dehydrated, resin embedded, and thin-sectioned for
transmission electron microscopy (TEM) as described earlier [20]. For
MFM analysis, thicker sections (500 nm) of the resin embedded tissue
were sectioned onto glass coverslips. Histochemical staining for iron was
performed on these sections by using a modified Perls staining method
[24]. Briefly, the sections were incubated in a 1:1 mixture of 10%
ferrocyanide and 10% HCI at 60 °C, with the ferrocyanide mixture
replaced after thirty minutes of incubation. After 1 h of incubation, the
sections were rinsed thoroughly three times with distilled water and
allowed to air dry. The sections were imaged for Perls iron staining using
the Zeiss Observer light microscope.

2.2. Magnetic force microscopy

MFM imaging was performed using a Multimode AFM equipped with
a Nanoscope Illa Controller (Bruker) [20] or the Bruker Resolve AFM
[25] coupled to a Zeiss Observer light microscope. Magnetically coated
high-moment MFM probes (ASYMFMHM, Asylum Research) and non-
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magnetic AFM probes (NSC15, MikroMasch) were used to scan the
samples in the tapping mode. Various scan rates ranging from 0.5 to 5 Hz
(at 256 lines per scan) were utilized. Topographic height images (in
main scan) and phase images (in the interleaved lift mode) were ac-
quired at lift heights (z) ranging from 20 to 100 nm. The topographic
roughness (R,) from height images, magnitude of phase (¢) and size
(area) of regions with a negative phase shift were analyzed by using the
NanoScope Analysis software. Measurements were performed on at least
n = 10 regions with negative phase shift per sample type. Unpaired
student t-tests assuming equal variances were performed to determine
statistical significance (p less than 0.01).

3. Results

In an effort to improve the efficiency of MFM data acquisition for
histological analysis, we experimented with scan rates higher than our
previously used values of 1 Hz (@ 256 lines/scan). We used OCT
embedded rodent spleen tissue as a test sample as we have previously
demonstrated how it yields MFM signals (with negative phase shift) as
well as comprises of regions which are devoid of MFM signal. As shown
in Fig. 1a, by using our previously used scan rate of 1 Hz (and a lift
height of 30 nm), we could identify a region devoid of MFM signal.
However, upon increasing the scan rate above 1.5 Hz, features with
negative phase shifts started appearing in the very same region. Both the
size (area) as well as the number of these features increased with
increasing scan rates. At scan rates approaching 5 Hz, the area of these
features was often > 2 pm? (larger than lysosomes). Examination of the
topographic height, amplitude and phase images revealed that these
features were artifacts which typically corresponded to topographical
changes of the sample. Interestingly no significant differences were
observed in the topographical images of the same region at 1 Hz and 2
Hz (as seen in Fig. 1a) or in the surface roughness of the height images at
various scan rates (Fig. 1b). We had previously reported how the size of
negative phase shift regions in MFM images of spleen tissue (obtained at
1 Hz) corresponded to that of ferritin(iron) rich lysosomes. We therefore
compared the area and magnitude of the negative phase shift regions
obtained at 1 Hz and 2 Hz. As shown in Fig. 1c, the size of these regions
was significantly larger at 2 Hz. The magnitude of the phase signal was
similar at both 1 and 2 Hz (Fig. 1d) and the signal persisted at lift
heights > 30 nm for both scan rates (data not shown).

To examine if scan-rate dependent artifacts persist across MFM
analysis of other tissues, we analyzed OCT embedded brain tissue sec-
tions obtained posthumously from the hippocampus of subjects with or
without AD. As shown in Fig. 2a, MFM images of the AD brain failed to
show regions with a negative phase shift at typically used scan rates of 1
Hz and a lift height, z = 30 nm. However, upon increasing the scan rate,
artifacts with a negative (as well as positive) phase shift were frequently
observed in these samples typically corresponding to changes in the
sample topography. Consistent with our observation on spleen tissue,
the size and frequency of these artifacts increased with increasing scan
rates. A lift-height dependence indicated that the phase signal persisted
in these artifacts even at lift heights of 100 nm. These scan rate
dependent artifacts were also observed in non-AD brain tissue (Fig. 2b)
and when using a non-magnetic AFM probe on the AD brain tissue
(Fig. 2¢). To confirm that these were artifacts and did not correspond to
iron deposits, we performed Perl’s iron staining, but failed to detect a
discernable amount of iron in the sections analyzed (data not shown). To
ascertain if the artifacts were correlated to topographical surface
roughness of the sample, we compared the surface roughness (at a fixed
scan size) as well as the size and magnitude of the signal in the artifacts
obtained from rodent spleen and AD tissues (Fig. 2d-f). The AD tissue
had a slightly higher surface roughness than that of spleen tissue.
However, the size and magnitude of the negative phase signal at 2 Hz
was similar across tissue types.

In an effort to reduce surface roughness, we utilized 500 nm thick
sections of resin-embedded tissue, (typically used for TEM). As
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Fig. 1. (a) Sections of OCT-embedded rodent spleen imaged using a MFM probe at various scan rates as indicated. The height and amplitude images were acquired in
the main scan while phase images were obtained at a lift height of 30 nm in the interleave mode. Regions with negative phase shift (arrows) start appearing in phase
images at scan rates of 1.5 Hz and higher. (b) The surface roughness (R,) of the height images does not significantly change with increasing scan rate. Quantitative
analysis of the (¢) area and (d) magnitude of phase shift obtained from multiple regions with negative phase shift obtained at 1 Hz and 2 Hz. (** indicates p-value less

than 0.005).
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Fig. 2. (a) Scan rate dependent artifacts (arrows) in phase images of OCT-embedded brain tissue from a subject with Alzheimer’s Disease (AD). The artifacts increase
with increasing scan rates and persist even at a lift height (z) of 100 nm. Similar artifacts were observed in brain tissue from patients (b) without AD and (c) in AD
brain tissue when scanned with a non-magnetic AFM probe at z = 30 nm. Quantitative analysis comparing (d) topographical surface roughness from height images
and (e) size (area) and (f) magnitude of negative phase obtained from rodent spleen and AD brain tissue (at 2 Hz and z = 30 nm). (*** indicates p-value less

than 0.001)

illustrated in Fig. 3a-b, we could obtain MFM images from region(s)
which resembled macrophages surrounded by the polygonal shaped
splenic red-pulp cells. The morphology of these regions was verified
using TEM imaging (Fig. 3¢) and Perls staining (inset) of adjacent sec-
tions. At the low scan rate of 1 Hz, MFM images predominantly consisted

of signals from subcellular organelles which resembled lysosomes in
macrophages. However, at 2 Hz, artifacts (i.e. additional regions with
negative phase shift) appeared, which were not present at 1 Hz. The
surface roughness (R,) of height images as well as the size and magni-
tude of the negative phase shift obtained at 2 Hz for resin sections, were
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Fig. 3. (a) Sections of resin-embedded rodent spleen imaged using a MFM probe at a lift height z = 30 nm and scan rates as indicated. Nanoscale sized regions with
negative phase shift are observed at 1 Hz from a region corresponding to subcellular organelles in the height image. (b) Additional regions with negative phase shift
(arrows) start appearing in phase images at scan rates of 2 Hz. (¢) TEM image of an adjacent section shows similar morphology of splenic cells as observed in MFM
images. Inset in (c) is Perls staining of an adjacent section showing presence of iron as blue stain (arrows). Quantitative analysis comparing (d) topographical surface
roughness from height images and (e) size (area) and (f) magnitude of phase obtained from resin and OCT embedded sections of rodent spleen (at 2 Hz and z = 30

nm). ( indicates p-value less than 0.001).
significantly lower than those observed from the thicker OCT-embedded
sections (Fig. 3d-f).

4. Discussion

One of the major challenges in MFM analysis is the contamination of
MEFM signal with artifacts arising due to topographical cross-talk, as has
been shown for samples consisting of solid-state materials [26] or
nanoparticles [27]. The cross-talk is understood to originate from
capacitive coupling effects, topographical roughness and/or local
changes in material properties of the sample. Several lines of in-
vestigations have been put forth to address the issue of cross-talk in
MFM. Some of these approaches include reversal of MFM tip polarity
[28], use of AC magnetic field [29], adopting a data fusion approach
involving a combination of linear lift mode with interleave mode [30]
and use of Kelvin probe force microscopy (KPFM) to discern the
capacitive coupling effects in MFM experiments [31]. The issue of cross-
talk in MFM of biological samples is even less investigated. Biological
samples (e.g. histological sections) can add further complexity to topo-
graphical cross-talk due to heterogeneity in their composition, adhesive
forces, and stiffness.

Previous studies by us [20,21] and others [32] utilized a low scan
rate (1 Hz) for MFM of biological samples. At this low scan rates, we
could detect features with negative phase shifts in an iron-rich tissue
such as rodent spleen which corresponded to the size of ferritin(iron)
rich lysosomes in splenic macrophages [20]. Nanoscale pathological
iron has also been detected in the AD brain tissue by using X-ray ab-
sorption [33], analytical electron microscopy [34], or magnetic reso-
nance microscopy [35]. The high magnetic moment of magnetite as
compared to ferrihydrite (found in physiological ferritin) makes it an
attractive material for MFM studies. Along these lines, in an earlier
report, MFM signals were detected on very thick sections of the epileptic
brain, which had been previously characterized for magnetic material
via isothermal remnant magnetization [36]. We could not detect iron via

Perls staining in our AD samples, indicating that iron is heterogeneously
distributed in the AD brain. Nevertheless, we experimented with both
rodent spleen and AD brain tissue to elucidate how scan rate dependent
artifacts appear in MFM images of tissues which are replete with as well
those devoid of nanoscale iron deposits.

To circumvent the issue of scan-rate dependent artifacts in MFM
analysis, we also examined samples with reduced surface roughness by
using resin-embedded sections of rodent spleen. The frequency, size, and
magnitude of the MFM signal (at 1 Hz) was diminished in these sections
as compared to the thicker OCT embedded tissue. Nevertheless, the resin
sections (with reduced sample roughness) also exhibited scan-rate
dependent artifacts at 2 Hz.

Taken together, the presence of artifacts can make it difficult to
discern true MFM signal (from iron-rich regions). While these artifacts
can be minimized by restricting to low scan rates, it limits the efficiency
of MFM experiments. Scan rate has been an important parameter for
image quality in AFM. Although the visualization of topographic images
may not differ drastically at high scan rates (as observed in our study),
scan rate can impact parameters like aspect ratio, etc [37]. It is impor-
tant to note that in interleave modes such as MFM, fast scan rate may
also compromise the ability of the probe to quickly achieve the desired
lift height at each sample point, which can result in artifacts [38]. The
advancement of high-speed AFM or novel feedback mechanisms [26]
may help overcome some of these limitations.

Recent years have witnessed advances in multimodal imaging
involving MFM and electron microscopy approaches to unambiguously
detect magnetic domains in magnetic recording media [39]. Along these
lines we have also recently developed indirect magnetic force micro-
scopy (ID-MFM) [40], as a multimodal technique. In ID-MFM the MFM
signal can be detected from samples deposited on the underside of an
ultrathin silicon-nitride membrane. ID-MFM is amenable to light mi-
croscopy and TEM and can eliminate artifacts due to topographical
cross-talk thus providing a more accurate estimate of magnetic signals.
Other emerging label-free magnetic imaging techniques include the



K.J. Walsh et al.

diamond nitrogen vacancy (NV) center approach as shown recently for
ferritin in cells [41]. The evidence of artifacts in these emerging tech-
niques remains to be examined.
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