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Postembedding lodine Staining for Contrast-Enhanced 3D
Imaging of Bone Tissue Using Focused lon Beam-

Scanning Electron Microscopy

Mahdi Ayoubi, Richard Weinkamer, Alexander F. van Tol, Maximilian Rummler,
Paul Roschger, Peter C. Brugger, Andrea Berzlanovich, Luca Bertinetti,*

Andreas Roschger,* and Peter Fratzl*

For a better understanding of living tissues and materials, it is essential to study
the intricate spatial relationship between cells and their surrounding tissue on the
nanoscale, with a need for 3D, high-resolution imaging techniques. In the case of
bone, focused ion beam-scanning electron microscopy (FIB-SEM) operated in the
backscattered electron (BSE) mode proves to be a suitable method to image
mineralized areas with a nominal resolution of 5 nm. However, as clinically rel-
evant samples are often resin-embedded, the lack of atomic number (Z) contrast
makes it difficult to distinguish the embedding material from unmineralized parts
of the tissue, such as osteoid, in BSE images. Staining embedded samples with
iodine vapor has been shown to be effective in revealing osteoid microstructure by
2D BSE imaging. Based on this idea, an iodine (Z=53) staining protocol is
developed for 3D imaging with FIB-SEM, investigating how the amount of iodine
and exposure time influences the imaging outcome. Bone samples stained with
this protocol also remain compatible with confocal laser scanning microscopy to
visualize the lacunocanalicular network. The proposed protocol can be applied for
3D imaging of tissues exhibiting mineralized and nonmineralized regions to study
physiological and pathological biomineralization.

1. Introduction

Considerable progress has been made in
the 3D imaging of mineralized tissues with
X-rays or electrons.'™! The simultaneous
imaging of organic and mineral compo-
nents remains challenging because of the
comparatively low electron density of
the organic component.” This challenge is
particularly evident in resin-embedded
samples, where the necessary imaging
contrast between different soft tissues, or
between soft tissue and embedding material,
often requires staining methods.”! Bone is a
paradigmatic example of such a challenging
material,® for which determining pathology
and treatments relies heavily on its structural
characterization. Histological preparation
of undecalcified samples typically involves
embedding samples in  resin.®7!
Imaging such clinically relevant specimens
with focused ion beam-scanning electron
microscopy (FIB-SEM) in 3D, therefore,

necessitates an optimized staining protocol. As the close proximity
of the bone cells to the extracellular matrix involves osteocytes and
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its associated lacunocanalicular network (LCN),'? a correlative
imaging approach to characterizing the LCN and the 3D tissue
structure yields the most complete view of the mineralized and
nonmineralized components of the LCN.

A common approach to preserving bone tissues is to embed
them in a resin, such as polymethylmethacrylate (PMMA),["’]
paraffin,™ or epoxy,!'>'®! which has the crucial advantages of
avoiding shrinkage!’”! and distortion of the tissue,!*® facilitating
surface grinding and polishing,™® and allowing for long-term
archiving. PMMA is frequently used when an optimal penetra-
tion of the resin into bone is required.”! Methacrylates are also
advantageous over other embedding resins because they are less
likely to cause tissue shrinkage!’?! and because they help avoid
demineralization.*”

Embedding has the additional benefit of providing material
integrity for imaging techniques for which a smooth sample
is needed and those that are sectioned with a knife, such as his-
tology and serial block-face scanning electron microscopy.¥
However, the backscattered electron (BSE) coefficient 7 for the
organic matrix is low (7 &~ 0.07), thus making it difficult to dis-
tinguish between osteoid and PMMA in resin-embedded bone
samples.?"*2 As a consequence, the PMMA-filled porous sub-
structures in bone, like the aforementioned LCN or the larger
Haversian canals, cannot be distinguished from the osteoid.

Many en bloc staining protocols based on heavy elements are
known for Z contrast enhancement, which must be used before
embedding. Uranyl acetate,”?! osmium tetroxide,™ phospho-
tungstic acid,” and Lugol solution containing iodine"® have been
widely used for the staining of the organic matrix, such as for col-
lagen in rat incisors and tail tendons,”® turkey leg tendons,””!
porcine iliac vein vascular tissues,’?® and mouse muscle fibers.*”
Iodine in its vapor phase has also been used for staining soft tissue
including chondrocytes in a mouse tibia’s growth plate,*” and a
locust head’s chitin exoskeleton, muscle, and nerves.*"

Imaging resin-embedded bone specimens necessitates reli-
able methods for staining the bone tissues. Boyde et al. have pro-
posed two postembedding protocols based on iodine: 1) a liquid
staining protocol using Lugol solution,*”! and 2) a vapor staining
protocol using gaseous iodine (I,).*" The liquid staining protocol
(1) enables staining close to the sample surface for bone, cartilage,
and muscle tissues in different animals including mice, rats,
horses, and elephants, as well as implant sites such as the human
jaw, rabbit tibia, and dog maxilla, thus allowing 2D BSE imaging.
The vapor protocol (2) similarly enables staining the bone tissues
of different samples including human, horse, rat, and mouse for
2D BSE imaging, in turn allowing investigation of the soft-hard
tissue interfaces, such as an interface between calcified and uncal-
cified cartilage.*" Although the liquid staining protocol (1) is
rapid (2-15 min) in comparison with the vapor staining protocol
((2), days to weeks), the latter is beneficial for avoiding problems
associated with the liquid medium, such as limited iodine pene-
tration (due to iodine’s solvent characteristics), the accumulation
of iodine on the surface, and pooling of the stain around cracks
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and defects.*" Gaseous iodine diffuses through PMMA, and
stains the tissue mainly via reacting with unsaturated molecules’
carbon—carbon double bonds.*")

To further expand the capabilities of postembedding staining,
in this article, an iodine vapor staining protocol aimed at further
expanding the capabilities of postembedding staining for 3D BSE
FIB-SEM imaging of bone tissue is presented. This protocol was
recently successfully employed in an investigation of substruc-
tures in the mineralization front to elucidate the role of the
LCN in early mineralization stages.”’’! In the current work,
the effect of changing staining time, the amount of stain, and
laser irradiation on image quality is reported and potential advan-
tages and disadvantages when modifying these parameters are
discussed. Similar to Boyde et al.’s protocol, the approach pre-
sented allows for a discrimination between the main three com-
partments of a PMMA-embedded bone sample, i.e., mineralized
bone, osteoid, and embedding material, not only in 2D but in 3D
(see the caption of Figure 1 as well as Figure 6 for more details).
Importantly, this protocol offers the possibility to reinvestigate
numerous unique clinically relevant bone samples which were
embedded and archived years or decades ago.

The goal of the present work was to develop a staining protocol
that allows the 3D characterization of both, the LCN in bone, as
well as the nanoscale structure of its mineralized and unminer-
alized tissue components in the same specimen. We describe the
optimal procedure and report the effects of varying staining
parameters on the imaging outcome.

2. Results

The results of 16 3D image stacks across seven samples are pre-
sented here to show the characteristics of different staining pro-
tocols. With the exception of samples #1 and #2, all samples were
stained differently. Six different experimental protocols were
explored (Table 1) and the results are accordingly presented in
three sections: First, protocol #1, which is a recommendation
for FIB-SEM studies on bone samples including both osteoid
and mineralized bone. Second, the results of investigating any
possible interference between the two used imaging techniques,
i.e., confocal laser scanning microscopy (CLSM) and FIB-SEM, to
determine the possibility of combining them for a thorough char-
acterization of the LCN in the bone (protocols #2, #3, and #4).
Finally, the influence of the main parameters of iodine staining
—incubation time and amount of iodine—on the FIB-SEM
image quality (protocols #5 and #6). Additionally, the surface
effect of iodine staining was investigated. The main compart-
ments of the bone samples imaged and analyzed in this study
are mineralized bone, osteoid (newly formed, still unmineralized
bone), soft tissue (osteoid, cells, membranes, blood vessels, etc.),
and porosity (all spaces accessible and consequently filled with
PMMA during embedding, including Haversian canals, osteo-
cyte lacunae, and canaliculi).

2.1. Staining Bone Tissue for Combined Imaging with FIB-SEM
and CLSM

Two human femoral midshaft samples were stained with rhoda-
mine followed by embedding and postembedding iodine vapor
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staining according to protocol #1 (see Table 1). Subsequently, six ~ compartments is also described. Figure 1a,b shows environmen-
3D FIB-SEM and CLSM image stacks were obtained, resultingin  tal scanning electron microscopy (ESEM) images of a forming
image stacks suitable for segmentation of 1) the mineralized osteon before and after iodine staining from the sample surface.
bone, 2) the osteoid, and 3) the LCN. Hence, in addition to  The most salient features of these images are the central, almost
the staining protocol, a routine for segmentation of these three  black, Haversian canal and the dark gray value of the whole

Figure 1. Imaging of a forming osteon (osteon #1 of sample #1). An osteon, or Haversian system (surrounded by a dashed green line in a), is the building
block of the cortical bone and is composed of a Haversian canal (the dashed red oval in (a)) where blood vessels and nerves exist.”* The Haversian canal is
surrounded by concentric lamellae made of mineralized collagen fibers. During bone formation, osteocytes differentiate from osteoblasts and reside in
lacunae (the yellow arrows in (a)) and canaliculi, which contain dendritic osteocytes processes. The lacunae and canaliculi together form a dense LCN
within an osteon c). Three different imaging techniques (ESEM, CLSM, and FIB-SEM) were used to image the osteon and its compartments. Panels (a) and
b) are BSE images obtained by ESEM before and after iodine staining, respectively, using protocol #1. The dashed red rectangle in (b) shows the region of
interest milled by a FIB. The orange dashed line within the region of interest shows the location of the slice of the FIB-SEM image stack shown in panel d).
Panel (c) shows the LCN with CLSM after rhodamine staining and the result of the maximum intensity projection of the first 30 consecutive slices of the
CLSM stack (wherein the pixel brightness corresponds to the maximum intensity within the z-stack for given x-y coordinates). Panel (d) is a FIB-SEM BSE
image showing a 2D slice of a 3D image stack. The green arrows indicate the cross section of the canaliculi and the orthoslice. Panel e) shows the gray value
frequency distribution of the corresponding 3D FIB-SEM image stack. The three peaks in the graph refer to the distinction of three different regions in the
forming osteon: the mineralized bone (whitish), the stained osteoid (dark gray), and PMMA (black); m denotes the minimum between the peaks cor-
responding to mineralized bone and osteoid, Am is defined as 5% of the distance between the peaks, d. Panel f) is the result obtained after image
segmentation: 3D rendering of the osteocyte LCN (green) and the Haversian canal (brown) to the left of the panel. The orthoslices show perpendicular
BSE images of the FIB-SEM image stack. In (a—d), the orientation of the images can be deduced by the 2D coordinate system in the upper right corner of the
images in relation to the 3D coordinate system of the schematic osteon in panel (f) (z-axis aligned with the longitudinal axis of the osteon).
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Figure 1. Continued.
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Table 1. Overview of the six different experimental protocols for 3D imaging of bone tissue using CLSM and FIB-SEM. Protocol #1 (standard protocol)
refers to the protocol recommended for optimal contrast between mineralized bone, osteoid, and PMMA. In the FIB-SEM BSE images, red, blue, and
brown bars correspond to the mineralized bone, osteoid, and PMMA, respectively. The field of view of the images is ~40 pm.

Protocols #1 #2 #3 #4 #5 #6
Main feature Standard protocol No CLSM No rhodamine No CLSM before iodine Long incubation Extra iodine
CLS™M staining

Rhodamine staining Yes Yes No? Yes Yes Yes

lodine staining [mg] 2x0.1% 2x0.1 2x0.1 2x0.1 4x2 50

Incubation time [days] 2 %69 2x6 2x6 2x6 359 7

Time lag between staining 11 days (sample #1) 11 days No time lag 24 days No time lag -

cycles 4 days (sample #2)

CLSM Yes (after iodine No? No? Yes (before iodine No No
staining)® staining)®

Sample no. Sample #1 and #2 Sample #3 Mouse femur Sample #4 Sample #5 Sample #6

Number of datasets 6 datasets 3 datasets 2 datasets 3 datasets 1 dataset 1 dataset

FIB-SEM BSE images

AThe critical parameter(s) distinguishing each protocol.

osteon, which set them apart from the surrounding, brighter,
interstitial bone. The major differences between the two images
are the brighter osteoid around the Haversian canal after staining
and the soft tissue fragments inside the canal as shown in
Figure 1b. This distinction between the Haversian canal and
the osteoid after iodine staining becomes even clearer in the
higher resolution FIB-SEM BSE image (Figure 1d), which reveals
more structural details: to the left is the Haversian canal filled
with PMMA, then the osteoid (dark gray), with the mineralized
bone as the bright phase further to the right. The transition
between the osteoid and mineralized bone has a cloudy appear-
ance with isolated mineralization foci within the osteoid. At the
top of the image is an osteocyte lacuna close to the transition
zone between the osteoid and mineralized bone. The lacuna is

Adv. NanoBiomed Res. 2024, 4, 2400035 2400035 (4 of 12)

filled with PMMA and, therefore, appears black and is sur-
rounded by soft tissue (dark gray). Other elongated black struc-
tures correspond to PMMA-filled canaliculi emanating from the
lacuna (green arrows).

The gray value frequency distribution (normalized and, there-
fore, expressed as a probability) of 8-bits BSE images acquired
during FIB-SEM imaging shows three clearly separated peaks,
which demonstrate a distinction between PMMA-filled porosity,
osteoid, and mineralized bone (Figure le). By using Amira
(Version 2019.38, Zuse Institute Berlin (ZIB), Berlin,
Germany), PMMA-filled porosity was first segmented following
the method used in a previous study,”*® resulting in a 3D ren-
dering of the lacuna and the surrounding canaliculi
(Figure 1f). Second, again following the previous study,”! the
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distinction between the iodine-stained osteoid and mineralized
bone was made by thresholding based on the peak positions of
the osteoid (P,) and the mineralized bone (P,,) and the minimum
value (m) between the peaks in the gray value frequency distribu-
tion (Figure 1e). See ref. [34] for other thresholding methods.

As the sample was not only stained with iodine, but also with
rhodamine, the architecture of the LCN on a larger length scale
was imaged by nondestructive CLSM before FIB-SEM was per-
formed (Figure 1c). Thanks to its small size (<0.5nm’, Lu &
Penzkofer, 1986), thodamine penetrates through all accessible
porosities, including the LCN, and binds to the surfaces of min-
eralized bone (such as the walls of the canaliculi) as well as the
osteoid, blood vessels, and cells. The images produced by CLSM
showed that most of the canaliculi are oriented toward the
Haversian canal as reported previously.”!

Protocol #1 fulfills the following criteria: 1) iodine staining
produces a clear discrimination between osteoid and the embed-
ding material (PMMA) (Figure 1d); 2) the penetration of the
iodine staining is spatially homogeneous, therefore allowing
3D imaging of the osteoid and mineralized bone using FIB-
SEM; 3) CLSM imaging can precede FIB-SEM, thus providing
an image of the large-scale architecture of the LCN using the rho-
damine staining of the sample (Figure 1c); and 4) achieving sub-
micrometer resolution and sufficiently high signal-to-noise ratio
for segmentation in a relatively short time (in this case a struc-
tural characterization of bone was produced within roughly
2 weeks from the beginning of the staining).

2.2. Interference Between lodine Staining, Rhodamine Staining,
and CLSM Imaging

A set of experiments were developed to determine whether stain-
ing and imaging procedures can be performed independent of
each other without compromising effects in image quality due
to laser-light-induced chemical reactions.

First, a bone sample (sample #3) was stained with rhodamine
and iodine, but no CLSM imaging was performed prior to the
FIB-SEM imaging (protocol #2). The ESEM image and BSE
image of FIB-SEM after iodine staining (Figure 2a) demonstrate
that iodine staining creates the distinctive dark gray zone around
the Haversian canal corresponding to unmineralized osteoid.
Subsequently, similar FIB-SEM results as those found in proto-
col #1 were obtained, thus producing segmentation as described
above. It was found that the laser irradiation during CLSM meas-
urements does not influence the results of subsequent FIB-SEM
imaging. When performing only iodine staining and omitting
rhodamine staining and CLSM imaging, it was likewise found
that there was no indication of a decrease in iodine staining qual-
ity in a sample of murine bone (protocol #3, Figure S1,
Supporting Information). These findings seem to suggest that
the binding of iodine within the bone tissue is not dominated
by a possible substitution of the rhodamine counteranions or
by the interaction of (poly)iodides with the cationic dye.
Furthermore, iodine staining does not appear to impair CLSM
imaging using rhodamine, as image quality remained
unchanged when comparing the shown datasets and images
obtained in prior studies where no iodine staining was
performed.3¢7]
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These findings support the conclusion that the contrast-
enhancing effect by iodine staining is both independent from
prior staining with rhodamine and from imaging by CLSM per-
formed after the iodine staining. Consequently, if only 3D infor-
mation on the mineralization of bone is desired using FIB-SEM
imaging, all the steps involving rhodamine and CLSM can be
skipped, and the sample preparation can be immediately con-
ducted with the iodine staining.

However, protocol #4 demonstrates the caveat that a combina-
tion of experimental methods is never a straightforward under-
taking. The only difference between this protocol and protocol #1
is that CLSM imaging was performed before iodine staining, and
the staining was started less than one hour after CLSM. Figure 2b
and S2, Supporting Information, show the imaging results for
three different forming osteons with ESEM (Figure 2b(i) and
(ii)) and CLSM (Figure 2b(iii) images on top, a single BSE slice
obtained with FIB-SEM in the middle (Figure 2b(iv)), and the cor-
responding gray value frequency distribution of the whole 3D
image stack at the bottom (Figure 2b(v)). Figure 2b(iv) shows that
the contrast between the osteoid and mineralized bone became
poorer, and this impression is confirmed by the gray value dis-
tributions. The “overstaining” with iodine led to a significant
reduction of contrast between mineralized bone and osteoid.
As a result, the two peaks merged as shown in Figure 2b(v).
The laser irradiation of the samples during CLSM imaging
seemed to influence the successive iodine staining, resulting
in an adverse effect on the contrast of the BSE images.

2.3. Influence of lodine Amount and Incubation Time of
Staining

The two main parameters for the iodine staining protocol are the
duration of the sample’s exposure to iodine vapor and the inten-
sity of the sample’s exposure, determined by the amount of
iodine and the volume of the vessel containing the sample
and the iodine source. In order to test the effect of longer staining
time, an embedded bone sample (sample #5) was placed in the
same vessel as the other samples but incubated for 35 days
(instead of 12 days as for protocol #1). On average, every 9 days
the jodine source was refreshed by placing 2 mg in the vessel, so
that over the full time of 35 days 8 mg of iodine were used in total
(protocol #5).

Figure 3a shows a FIB-SEM BSE image of one osteon (osteon
#1, sample #5) after staining the sample according to protocol #5.
As a new feature, the substructure of the osteoid became more
apparent when imaged with FIB-SEM, allowing a rough assess-
ment of the orientation of the collagenous matrix (Figure 3a and
Movie, Supporting Information). For example, the preferred ori-
entation at the right border of the lacuna seems more in-plane
(see the red arrow), while further to the right of the lacuna the
orientation changes more to out-of-plane. Although the osteoid
still remains darker than the mineralized bone in this protocol,
the contrast is distinctly decreased compared to protocol #1,
resulting in a substantial overlap of the corresponding peaks
in the gray value frequency distribution (Figure 3b). Hence,
when segmenting the acquired volume, a simple brightness-
based global thresholding—as suggested for protocol #1
(Figure 1)—may not work for protocol #5.

© 2024 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 2. Two different forming osteons with measurement protocols which deviated from protocol #1 in that for a) CLSM was not performed (protocol
#2, sample #3, osteon #2) and for b) iodine staining was performed after CLSM imaging (protocol #4, sample #4, osteon #2; two more examples are
shown in Figure S2, Supporting Information). Images (i) and (ii) in each panel show the ESEM images before and after iodine staining, respectively. The
red dashed rectangle depicts the region of interest for FIB-SEM imaging. Image b(iii) shows the result of the maximum intensity projection of the first 30
consecutive slices of the CLSM stack for the corresponding forming osteon. No CLSM projection is shown for panel (a) because this sample was not
imaged with CLSM. Instead, a(iii) shows the 3D rendering of the osteocyte LCN and the Haversian canal. a(iv) and b(iv) Show the FIB-SEM BSE images
with the inset showing the FIB image of the milled region. In a(v) and b(v), the gray value frequency distributions for the corresponding 3D FIB-SEM image

stacks are depicted. The inset in a(iv) shows the sketch of a typical cylindrical osteon with a coordinate system valid for all images.

In order to investigate the permanence of the iodine staining,
sample #5 (which had been treated according to protocol #5) was
stored in an open container in a fume hood under ambient con-
ditions for 18 months. Afterward, another osteon in this sample
was imaged (osteon #2). As shown in Figure 3c, the contrast
between the osteoid and the PMMA diminished and the peaks
of the osteoid and the PMMA are merged in the gray value fre-
quency distribution (see the left peak in Figure 3d).

The effect of the amount of iodine on the tissue staining and
image quality was tested by increasing the amount of solid iodine
to 50mg®! in one step with 1 week incubation time (protocol
#6). Figure 4 shows ESEM and FIB-SEM BSE images of a form-
ing osteon stained following this protocol. Figure 4c,d show that,
first, iodine preferentially stained the surface of the sample form-
ing a roughly 3 pm thick layer. Second, iodine poorly penetrated
the sample leaving most of the osteoid unstained and therefore
black in the image. Third, iodine also penetrated within the
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PMMA, giving rise to white patches (left in Figure 4c,d). It is
therefore concluded that, for volume imaging, excessive iodine
exposure cannot be used to shorten staining times, particularly
because it is not suitable for achieving homogenous staining of
the osteoid underneath the sample surface.

2.4. Surface Effects of lodine Staining

Focusing on iodine-related changes on the sample surface, a het-
erogeneous staining pattern was observed in ESEM images
immediately after the first staining step of protocol #1 (i.e.,
0.1 mg of iodine within 6 days of incubation time). Figure 5a,
b shows the very same sample region before (Figure 5a) and just
after (Figure 5Db) this staining step. The brightness changes reveal
the lamellar structure of some osteons (the red asterisks in
Figure 5b) and often brighten the appearance of the boundaries
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Figure 3. a) FIB-SEM BSE image of a mineralizing bone matrix after staining according to protocol #5 (osteon #1 of sample #5). The mineralized bone
(bright) and osteoid (gray) are visible. The preferred orientations of the fibrous collagen matrix can also be distinguished (marked by the red arrow
indicating an in-plane orientation). b) The gray value frequency distribution of the 8 um thick subvolume indicated by the red dashed lines in (a).
The volume was chosen in order to contain roughly half osteoid and half mineralized bone which provides corresponding peaks in the gray value fre-
quency distribution. As the gray value of the dark regions in the parallelogram (mainly canaliculi filled with PMMA) is near zero, the PMMA phase piles up
at zero. ) FIB-SEM BSE image of a forming osteon (osteon #2 of sample #5), which was measured after leaving the sample for 18 months. The inset
shows the sketch of a typical cylindrical osteon with a coordinate system valid for both images in (a,c). d) The gray value frequency distribution of a similar
region of interest in comparison with (a) shown by the red dashed lines in (c).

of the osteons (the black asterisks in Figure 5b). Notably, these
stained regions are wider than the cement lines, which exhibit a
thickness of only 1-5 um.®! Specific regions of interstitial bone
and some osteons are intensely stained (green arrows in
Figure 5b), but no clear correlation between staining intensity
and the degree of mineralization (e.g., BSE brightness before
staining) was observed.

As the staining pattern on the surface is clearly influenced by
orientational effects such as the lamellar structure of the osteons,
second harmonic generation (SHG) imaging was performed, as
this technique is commonly used to detect regions of highly
ordered,®® in-plane oriented,*” parallel*!! collagen fibers. The
SHG image shown in Figure 5c clearly exhibits the lamellar
structure of the osteons and interstitial bone regions and con-
firms that often neighboring lamellae exhibit different bright-
ness levels after staining. A spatial correlation between the
ESEM and SHG image shows that bright lamellae can be clearly
associated with each other in both images, indicating that in-
plane ordered collagen fibers are more prone to accumulating
iodine at their surface than the regions with collagen fibers with
an out-of-plane orientation.

Adv. NanoBiomed Res. 2024, 4, 2400035 2400035 (7 of 12)

It should be noted that the heterogeneous staining of the sam-
ple surface (ESEM information depth ~0.5 pm, see Experimental
Section) is not in contradiction with the nondetectable heteroge-
neity of the in-depth staining of the osteoid seam. It appears that
mineralized regions on the block surface which are in direct con-
tact with the iodine vapor stain differently depending on the col-
lagen orientation. On the other hand, the staining intensity below
the sample surfaces of the osteoid seam was found to be homog-
enous when employing an appropriate protocol (see Figure 1d).

3. Discussion

In this study, possible strategies for staining PMMA-embedded
bone samples with iodine vapor were investigated. By varying
parameters, such as the amount of iodine, exposure time, and
post/pre-CLSM imaging (Table 1), a protocol to enhance Z con-
trast between the osteoid and the embedding material was devel-
oped. Given that the bone sample was stained with rhodamine
before embedding, CLSM imaging of the LCN can be performed
in addition to 3D BSE imaging. The combination of information
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Figure 4. Effect of excessive staining with iodine. ESEM image of a forming osteon of sample #6 a) before and b) after iodine staining, with an exposure of
the sample to 50 mg of iodine (protocol #6). The dashed red rectangle shows the region of interest milled by a FIB. The yellow and orange dashed lines
within the region of interest represent the position of two different slices of the FIB-SEM image stack shown in ¢,d). (c) In the BSE image, three different
regions can be discriminated in the forming osteon: the Haversian canal filled with PMMA (left region), the osteoid (middle region), and mineralized bone
(right region). The osteoid below the surface was not stained with iodine and therefore appears black. In contrast, a surface layer with about 3 um
thickness at the surface was overstained. The red arrow in (d) indicates a microcrack at the surface where iodine could have more easily penetrated.
Also, a microcrack at the interface of the PMMA and osteoid is visible where the osteoid is more stained with iodine (see the arrowheads in (c,d)). The
inset shows the sketch of a typical cylindrical osteon with a coordinate system valid for all images.

Figure 5. Surface effects of iodine staining on bone tissue. ESEM image of an osteon (osteon #1 of sample #7) in the center a) before and b) immediately
after one cycle of iodine staining with an exposure of the sample to 0.1 mg of iodine within 6 days (protocol #1). Interesting bright regions are highlighted
by symbols: lamellae in an osteon (red asterisks), the boundaries of osteons (black asterisks), and specific osteons and regions of interstitial bone (green

arrows). ¢) SHG) image of the same region showing the lamellar structure of osteons.

gained by the two techniques can be used to study cell-matrix
relationships from the micro- to the nanoscale. The information
about the LCN architecture is also a prerequisite for predicting
the fluid flow through the network and hence the local mecha-
nosensitivity of the bone.*? It should be emphasized that this
approach can be extended by additional techniques to obtain a
more detailed 3D characterization of the (un)mineralized bone.
In such a multimodal approach, microcomputed tomography
could provide information about the macro- and microporosity
of the investigated bone, while tomographic X-ray scattering
allows a 3D characterization of the sizes and arrangement of
the nanoscopic mineral particles of bone.[***4

Adv. NanoBiomed Res. 2024, 4, 2400035 2400035 (8 of 12)

By exploring the aforementioned parameters for the staining
protocol, an appropriate set of parameters was found, which
offers 3D imaging of bone with the following properties: 1) dis-
crimination between the osteoid and the embedding material,
PMMA; 2) 3D spatially homogeneous staining for FIB-SEM,
which proved a valuable technique for studying the relationship
between the matrix, minerals, and LCN;P33%71 3) relatively
short staining times (roughly 2 weeks) resulting in optimal Z con-
trast for simple histogram-based 3D segmentation of the LCN;
and 4) repeatable cycles for deeper and more intense staining.

Several scenarios have been reported for binding iodine to
osteoid including:®"! 1) reduction of iodine to iodide and
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trilodide ions and formation of ionic bonds with cations, 2) for-
mation of complexes with reactive polysaccharides, i.e., starch
and glycogen, 3) replacement of covalently bound halogen atoms,
e.g., chlorine, and 4) alkene halogenation, i.e., formation of orga-
noiodine compounds when iodine reacts with carbon-carbon
double bonds. In the case of dehydrated osteoid, which is mainly
composed of collagen, noncollagenous proteins, and proteogly-
cans, carbon—carbon double bonds are more likely involved in
binding with iodine. Hence, the overstaining of the osteoid in
protocol #4 (performing CLSM followed by iodine staining)
might be explained by the effect of laser irradiation on the matrix.
Additional carbon—carbon double bonds might be formed by the
exposure to intense light. Under laser irradiation, in fact, the
local temperature of the investigated tissue could raise signifi-
cantly and this could promote/increase the reactivity of reducing
sugars and free amines, which can participate in Maillard-type
reactions.®® This would result in the generation of melanoidins,
which contain carbon—carbon double bonds. It was also found
that the staining protocols are partly reversible (Figure 3c), which
is probably due to the fact that in the presence of an excess of
iodine in the reaction vessel, the iodine oxidizes the carbon—
carbon double bond leading to an iodine addition. However,
when the staining is completed and the partial pressure of the
iodine vapor becomes very small, the iodine is oxidized again
to I,, after which the halogen addition can be slowly reversed
and the original alkene bond reformed.

The strength of the presented protocol is that it provides
simultaneous 3D analysis of osteoid and mineralized bone with
the option for multimodal imaging if CLSM is desired for map-
ping larger regions of the LCN. This approach facilitates the 3D
investigation of physiological biomineralization of bone in
humans (see ref. [33]) but is likewise applicable to diverse animal
models. As for pathological mineralization, specific targets of
interest are bone diseases, which are linked to a dysfunctional
mineralization process. A prominent example is osteomalacia,
which is characterized by an excessive presence of unmineral-
ized bone. Cases linked to severe osteomalacia are observed in

_ Osteons Haversian canal
Periosteum o i ( .

www.advnanobiomedres.com

Phosphol knockout mice,”!! klotho and FGF32 deficient
mice,”? vitamin D deficiency,®* and tumor induced phosphate
wasting,** among other cases. It has been reported that in X-
linked hypophosphatemia, which is the most common heritable
form of rickets/osteomalacia, local hypomineralization can occur
around the LCN resulting in significantly lower mineral content
compared to healthy tissue.*® The present approach can address
the important question of whether the observed dysfunction in
the mineralization process is linked more to a disturbed forma-
tion of new mineralization foci, or the growth of such foci (or
both). In many cases, it might not be necessary to design new
studies, but rather to reinvestigate resin-embedded and archived
samples. This possibility is a significant advantage of the pre-
sented protocol compared to most other approaches and makes
its application very attractive, not only from a scientific point of
view but also from an ethical and financial standpoint.

4. Conclusion

Iodine vapor staining is a compelling approach for a homoge-
nous contrast enhancement of BSE FIB-SEM imaging of embed-
ded mineralized tissues, such as bone, in which visualization of
the mineralized/unmineralized interfaces is challenging.
Visualization and analysis of the unmineralized tissue are partic-
ularly essential for clinically relevant PMMA-embedded speci-
mens. By using the presented staining protocol, not only can
such specimens be imaged with FIB-SEM, but also with
CLSM in a correlative fashion, allowing for the analysis of the
osteocyte LCN and its surrounding extracellular matrix
(Figure 6). Nonetheless, to avoid undesired staining effects such
as overstaining and inhomogeneous staining, sample prepara-
tion and correlative imaging of bone tissue must be performed
in the correct order as follows: 1) rhodamine staining, 2) PMMA
embedding, 3) iodine staining, 4) CLSM imaging, and 5) FIB-
SEM imaging. Moreover, the amount of iodine and exposure
time, as the key parameters of iodine vapor staining, must be
carefully applied.
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Figure 6. The hierarchical structure of bone. By using CLSM and FIB-SEM in a correlative fashion, the 3D imaging of bone micro/nanostructure and the
osteocytes’ LCN is possible. While with CLSM one can image the osteons and the LCN within an individual osteon in the cortical bone, with FIB-SEM a
single osteocyte lacuna and its canaliculi can be imaged (created with BioRender and Adobe illustrator).

Adv. NanoBiomed Res. 2024, 4, 2400035 2400035 (9 of 12)

© 2024 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH

85U8017 SUOWIWOD AR 8|qedljdde ay) Aq peusenob a.e s9joie YO ‘8sn o S9|nJ Jo) Aig1T8UlIUO 4|1 UO (SUONIPUCD-pUR-SWR)W0D A3 | 1M AReuq 1 BU|UO//Sd1Y) SUO I IPUOD pUe SWiB | 8y} 89S *[202/0T/80] U0 Aeiqiauljuo A3|IM ‘PIO|I0 Y Ind IMNsu|-youeld-Xe | Aq SE0001202 10ue/Z00T 0T/10p/wod A3 |Im: Areuq 1 pul|uo//sdny wouy pepeojumoqd ‘0T ‘#7202 'L0E66692


http://www.advancedsciencenews.com
http://www.advnanobiomedres.com

ADVANCED
SCIENCE NEWS

ADVANCED
NANOBIOMED
RESEARCH

www.advancedsciencenews.com

5. Experimental Section

Sample Preparation: Postmortem bone samples from the femoral
midshaft of five women were obtained from the Department of Forensic
Medicine and the Department of Anatomy at the Medical University of
Vienna according to the university’s ethic commission regulations
(EK no. 1757/2013). The individuals were near the onset of menopause
(ages given in years were: sample #1 =48y, sample #2 =55y, sample
#3 =56y, samples #4, #5, and #6 (all from one donor) =51y, and sam-
ple #7 = 50y). A mouse femur sample was used in addition to the human
femoral samples (see Supporting Information for the details of sample
preparation). Immediately after dissection, the bones were frozen and
stored at —20 °C. After unfreezing, the samples were cleaned of bone mar-
row and residual flesh and a 1cm thick piece of the diaphysis was cut
perpendicular to the long axis of the bone. A gradual ethanol dehydration
series was performed (80%, 90%, 95%, and 100% at 24 h per step) to
minimize the formation of cracks due to bone shrinkage. After dehydra-
tion, the samples underwent a series of acetone/ethanol immersions
including acetone/ethanol (1:1) for 24 h, 100% acetone for 24 h, again ace-
tone/ethanol (1:1) for 24 h, and finally 7100% ethanol for 48 h. If the mea-
surement protocol included a measurement of the LCN using CLSM, the
samples were put into tubes (50 mL) with a mixture of ethanol and rho-
damine (0.417 g rhodamine 6G (Acros Organics, Geel — Belgium)/100 mL
ethanol). The tubes were mounted overnight on a low-speed spinning
wheel to provide optimal penetration of the staining fluid. This procedure
was repeated 3 times, each with a fresh ethanol-rhodamine mixture, to
provide the highest possible stain concentrations in the samples.
The stained samples were then embedded in PMMA (Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) as described previously.’®! The
embedding protocol includes 1) infiltration of the samples with pure
MMA on a shaker at room temperature for 3 days; 2) transferring the sam-
ples into a mixture of MMA, benzoyl peroxide, and dibutyl phthalate for
2 days; 3) transfer into an incubation chamber for polymerization while
increasing the temperature from 34 to 50°C over 5days. Due to the
low viscosity and water miscibility of PMMA, it easily penetrates through
large and small porosities, such as Haversian canals and the LCN. After
embedding, a sector was cut out of the sample block by performing
two longitudinal cuts, which was then cut perpendicular to the long axis
of the bone with a low-speed diamond saw (Buehler Isomet, Lake Bluff,
Illinois). Hence, approximately 5 x 5 mm? sized and 1 mm thick slices were
obtained, in which roughly circular cross sections of osteons were exposed
at the surface. The samples were then ground with sandpaper of different
grain sizes and polished with 3 and 1 pm grain sized diamond suspensions
using an automatic grinding machine (Logitech PM5, Glasgow, Scotland).

lodine Staining: lodine staining was performed postembedding using
an iodine vapor phase. Solid iodine (Alfa Aesar, Karlsruhe, Germany)
and the sample block were put in a 25mL glass vessel sealed with
PTFE tape. Immediately after incubation, the color of the surrounding
atmosphere changed to light pink, which was an indication of iodine sub-
limation®®”! (see Table 1 for more details on the amount of iodine and the
incubation time of different protocols). To ensure a homogenous staining,
and to avoid overstaining of the osteoid, the iodine vapor pressure was
kept below the saturation point. To determine these conditions, the
amount of iodine that theoretically produces a saturated vapor pressure
was calculated by assuming that iodine vapor and air inside the container
create an ideal gas mixture. This calculation follows from Dalton’s law of
partial pressures under the assumption of ideal gases:*®

Pa=XaP U]

where Py is the partial pressure of component A in a gas mixture with two
components, X, the mole fraction of A, and P the total pressure. The com-
ponent A was determined to be gaseous iodine and the component B to be
air. Given that P,, the saturated vapor pressure of iodine at 25 °C, is only
40.66 Pa,°? i.e., much smaller than the atmospheric pressure P
(101 325 Pa), the mole fraction of A, X, = nA”TA”E, can be expressed as

Xp = :7:, where n, denotes the moles of iodine and ng the moles of air
molecules in the gas mixture, and therefore:
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Pa

na=ng )
ng, the number of moles of air in a 25 cm?® container can be calculated
from the ideal gas law to be around 1.022 mmol. From this calculation,
it follows that na (which is the moles of iodine at saturation in the vessel)
is 4.1 x 10~ mmol. By multiplying with the molecular weight of iodine (12,
253.8089 g mol ), the amount of iodine that sublimates to vapor and pro-
duces saturated vapor pressure is calculated to be 0.1 mg. It should be
noted that this is a theoretical value which does not consider any sinks
for the iodine gas molecules nor assumes an immediate sublimation
of all of the solid iodine. In the experiment, using 0.1 mg of iodine or less
guarantees that the atmosphere is not iodine saturated, because the sub-
limation of the solid takes some time and at least part of the iodine will
accumulate in the sample (protocols #1-#4). For testing protocols #1-#4,
the aim was to stay below the saturation point to avoid overstaining.
Hence, ~0.1 mg solid iodine was added followed by 6 days of incubation
time. As a previous report by Boyde et al.®"! indicates beneficial effects of
longer staining times (20days to 2 months), the staining cycle was
repeated to ensure a high penetration depth below the surface
(see Table 1). A time lag of 4-24 days between the staining cycles was
implemented for samples #1-#4. In order to test the effect of stronger
(i-e., longer durations and higher concentrations) iodine exposure, for pro-
tocol #5 staining was performed with 8 mg of iodine during 35 days in four
steps with 2 mg added at day 0, day 6, day 9, and day 26, respectively. The
samples were checked with ESEM to track the staining at each step includ-
ing a final check at day 35, before starting the FIB-SEM preparation
(Figure 3a). In protocol #6, we tested the effect of excessive amount
of iodine on the tissue staining by adding 50 mg of solid iodine to the
vessel in one step, which was then left to incubate with the sample for
1 week (Figure 4). Similar to other protocols, ESEM and FIB-SEM were
utilized to check stained tissue.

ESEM: The polished surfaces of uncoated samples were imaged with
ESEM (FEI Quanta 600, USA) in the BSE mode to select forming osteons.
The BSE yield of a typical forming osteon is lower compared to a mature
fully mineralized osteon due to lower mineral content of the recently
deposited matrix. To check if the osteoid of forming osteons was stained
with iodine, i.e., to track changes in brightness, the samples were also
imaged after iodine staining and before FIB-SEM. For each sample, after
providing an overview image with 50x magnification (2.6 um pixel size),
the selected forming osteons were imaged with 600x magnification
(270 nm pixel size). The measurements were performed under low pres-
sure (1 mbar) with 12.5kV acceleration voltage and ~10 mm working
distance.

According to Monte Carlo simulations and calculations presented by
Goldstein et al. (Kanaya-Okayama radius),® we can estimate that the
main origin of BSEs in the presented measurements is restricted to a
0.5 pm thick layer below the surface.

CLSM: On forming osteons selected by ESEM imaging, CLSM was used
to image the LCN in rhodamine-stained bone tissue.l®" The measurement
was conducted with an inverted TCS SP8 (Leica, Wetzlar, Germany)
equipped with an oil immersion lens (HC PLAPO 40x/1.30 OIL) following
an earlier developed protocol.?4376% For the excitation of rhodamine, the
514 nm line of an argon laser was used, and the fluorescence signal was
measured in a spectral window between 540 and 620 nm with an airy 1
pinhole of 65.4 pm. 3D image stacks were obtained with an isotropic voxel
size of 0.31 pm, where each image size was 317 x 317 pm® and imaging
depth 40-50 pm. The scan speed was 200 lines per second. To achieve a
constant brightness and contrast within each dataset and to compensate
for the loss of signal observed while imaging through the depth of the
sample, the laser intensity and the photomultiplier gain were correspond-
ingly increased.

SHG Imaging: Collagen fibrils in bone exhibit SHG signals due to their
noncenter symmetric molecular structure, the anisotropic macromolecu-
lar organization!®! and the specific orientation of the light polarization
with respect to the collagen fibrils.**®%! To determine the positions of
the lamellae within multiple osteons, second harmonic imaging was per-
formed using a SP8 confocal microscope (Leica Microsystems, Wetzlar,
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Germany) with a 40x oil immersion lens (HC PL APO CS2 40x/1.3 oil,
Leica Microsystems, Wetzlar, Germany). The SHG signal was generated
using a Mai-Tai high performance Ti:Sa Laser (Spectra-Physics, Milpitas,
CA, USA) operating at a wavelength of 910 nm. The signal was detected at
450-460 nm (half the excitation wavelength).

FIB-SEM: To validate the homogeneity of iodine staining in depth of the
samples and to obtain 3D image stacks, FIB-SEM (Crossbeam 540 Zeiss,
Oberkochen, Germany) was used. The samples were first carbon coated
(thickness of ~15nm) by a vacuum carbon evaporator sputter coater
(Bal-tec/Balzers, Liechtenstein, Germany). Afterward, to ensure that the
samples did not undergo shrinkage due to dehydration during the mea-
surement performed under high vacuum (107°mbar) conditions, the
samples were mounted inside the vacuum chamber at least 24 h before
image acquisition. The working distance was set to 5.1 mm (which is the
distance between the coincidence point of ion and electron beams, and the
lower polepiece surface of the electron microscope). The milling process
was conducted with high- and low-current gallium ion probes, i.e., 30-65
and 0.7-3.0nA, at 30 kV acceleration voltage, respectively. With the for-
mer, a trench (=100 x 100 x 100 pm?) was rapidly milled (%10 min), while
with the latter, the final region of interest (x40 x 30 x 50 um®) was finely
sliced to acquire the 3D image stack. The milling depth was at least 50 pm
for mineralized bone tissue in all samples. In the serial surface imaging
mode, images with spatial resolution of x40 x 40 x 40 nm?® were obtained
with 2-2.5kV electron acceleration voltage and 500-1000 pA electron
beam current. The acquisition time per image was 28 s, and the images
were acquired using 40 averaging cycles per line. 8-bits secondary and BSE
images were simultaneously recorded, and the brightness and contrast
were set such that no regions were over- or underexposed. In total, seven
samples, including six human (samples #1-#6) and one mouse bone,
were measured, from which 16 image stacks were acquired (see
Table 1). 3D image stacks of samples #1, #2, and #3 were used in
our previous study on forming osteons.??]

Image Processing: Image processing of the FIB-SEM BSE images was
performed to clean the image from artifacts resulting from 1) misalign-
ment/sample drift, 2) image noise, and 3) inhomogeneous milling result-
ing in curtaining artifacts.®**? In-house developed Python scripts
(Version 3.7, Python Software Foundation, Delaware, United States) were
applied in three steps: 1) Alignment: To align the images with respect to
each other to correct sample drifts, we used ORB (Oriented FAST and
Rotated BRIEF)? as a key point extractor and FLANN (Fast Library for
Approximate Nearest Neighbors) as a matcher as implemented in
OpenCV (v. 3.4). Key points (such as corners) were detected by FAST (fea-
tures from accelerated segment test) using variations in the intensity of
pixels. After detection of the key points, BRIEF (Binary Robust Independent
Elementary Features) was used as a key point descriptor which provided
the locations of the same key points in another image. FLANN was then
used to match the described key points.”"! 2) Denoising: To enhance the
signal-to-noise ratio of the images, denoising was performed using a total
variation method (Chambolle algorithm[’?) as implemented in the scikit-
image package v. 0.16. 3) Destriping: To eliminate curtaining artifacts, we
implemented an algorithm based on pyWavelets v. 1.0.1 for the wavelets
decomposition and based on numpy 1.16 for the calculation of the Fourier
transforms.[”?!
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Supporting Information is available from the Wiley Online Library or from
the author.
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