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Abstract: Histochemical staining of paraffin-embedded decalcified bone samples is commonly used
in preclinical research of musculoskeletal diseases, enabling the visualization of multiple tissue
components by the application of chromogens. The purpose of this study was to introduce a
novel multicolor staining protocol involving optimized chemical reagents and procedure, allowing
the identification of high-mineralized bone, low-mineralized fracture callus, cartilage and skeletal
muscle fibers simultaneously. Fractured femur and healthy tail vertebra samples from adult male
Sprague–Dawley rats were decalcified with EDTA and formic acid, respectively, followed by paraffin
embedding, tissue sectioning and multicolor staining. Conventional Movat’s pentachrome and
safranin O / fast green staining were conducted in parallel for comparison. Immunohistochemical
staining of collagen type-X and micro-CT analysis were included to further validate the efficacy of
the staining method. The multicolor staining allowed visualization of major musculoskeletal tissue
components in both types of decalcified samples, providing quality outcomes with fewer chemical
reagents and simplified procedures. Immunohistochemical staining demonstrated its capacity for
identification of the endochondral ossification process during fracture healing. Micro-CT imaging
validated the staining outcome for high-mineralized skeletal tissue. The application of the multicolor
staining may facilitate future preclinical research involving decalcified paraffin-embedded samples.

Keywords: musculoskeletal tissue; fracture callus; cartilage; muscle; histochemistry; immunohistochemistry;
radiology

1. Introduction

Non-invasive imaging techniques such as plain film, micro-CT, ultrasonography and
magnetic resonance imaging have been successfully introduced in preclinical studies,
enabling longitudinal in vivo monitoring of disease progression and treatment effects in
musculoskeletal disorders [1,2]. However, traditional ex vivo histo-pathological methods
based on microscopy remain essential for translational research, allowing high-resolution
rendering of tissue and cellular details, as well as quantitative assays at the gene and
protein levels [3–5]. For bone samples in histological studies, although non-decalcified
sections can be obtained with hard tissue or cryo-sectioning, decalcification and paraffin
embedding are still commonly used for sample processing [6]. Once decalcified, paraffin-
embedded samples request relatively simple and similar treatment procedures as non-
musculoskeletal organs, without significant tissue loss compared with hard tissue cutting
and grinding. High-quality continuous ribbons of connected sections can be obtained
without using heavy-duty microtome or carbide blade, and long-term sample storage is
possible, allowing immunohistochemistry, immunofluorescence, in situ hybridization and
proteomics analysis [3–5,7,8].
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Histochemical staining is the commonly used analytical method for paraffin-embedded
samples. In addition to conventional hematoxylin and eosin (H&E) staining, there are
specific methods for bone samples such as Movat’s pentachrome and safranin O / fast
green staining, supporting qualitative assessment of bone and cartilage, and quantitative
analysis including the calculation of area percentage [9,10]. Movat’s pentachrome is a
classic protocol providing visualization of bone, cartilage and other soft tissues in different
colors. However, it involves a long list of chemical reagents, and a single staining session
could take more than 4 hours, which also requires specialized training and expertise to
achieve reproducible results [11]. In comparison, safranin O / fast green staining requires
fewer chromogens and is less time-consuming, being widely used in studies of traumatic
or inflammatory bone and joint disorders. However, for samples after long-term decalcifi-
cation with ethylenediaminetetraacetic acid (EDTA), the staining may not be as effective as
in samples decalcified with other acids such as hydrochloric acid, nitric acid and formic
acid [12,13]. There are other protocols for decalcified samples, for example, Goldner’s
trichrome, toluidine blue and picrosirius red staining. However, these methods have limi-
tations in staining outcomes for tissue differentiation and quantification, and some also
involve multiple chromogens and complicated processing steps [6,9,14].

The purpose of this study was to introduce a novel multicolor histochemical staining
protocol for bone samples, involving only two commercially available chromogens and few
steps to obtain quality results for the identification of mineralized and non-mineralized
tissues. Micro-CT scan and immunohistochemical staining were adopted for validation of
the staining outcomes in samples decalcified with EDTA and formic acid.

2. Materials and Methods
2.1. Sample Selection

The samples used in this study were obtained from preclinical research for establish-
ing a femoral fracture model in male Sprague–Dawley rats. The experimental protocol
was applied via the local authority (Ministry for Energy Transition, Agriculture, Envi-
ronment, Nature and Digitalization, Schleswig-Holstein, Germany, application number:
V242-30912/2020), with surgical and related details described in a previous publication [1].
The rats (20 weeks, 515−580 g) were euthanized via overdose anesthesia at post-operative
week 12 after femur fractures stabilized by external fixation. The authors selected femur
and tail vertebra samples to include the following types of tissue: cortical bone, fracture cal-
lus, joint cartilage and skeletal muscle, which were commonly involved in musculoskeletal
studies using histochemical staining methods (Figure 1) [9,10].Bioengineering 2022, 9, x FOR PEER REVIEW 3 of 9 
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Figure 1. Sample harvesting, processing and the multicolor staining procedure. Note: decalcification
solutions: 20% EDTA or 5% formic acid (NBF: neutral-buffered formalin; EDTA: ethylenediaminete-
traacetic acid).
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2.2. Sample Processing

The following sample processing procedures were conducted as shown in Figure 1. In
brief, the surgical femurs and tail vertebra were harvested and fixed in neutral-buffered
formalin for 72 h, followed by ex vivo micro-CT imaging. Then, the femur samples were
decalcified with 20% EDTA, and tail vertebra samples were decalcified with 5% formic acid.
The endpoint of decalcification was determined by manual checking and X-ray examination
(scoutview with micro-CT). Afterwards, the samples underwent dehydration in ethanol
gradients, clearing with xylene and paraffin embedding. Paraffin blocks were sectioned
using a HistoCore Autocut microtome (Leica Microsystems, Germany) with a thickness
of 10 µm.

2.3. Histochemical and Immunohistochemical Staining

Consecutive section slides from the femur and vertebra samples underwent a novel
multicolor staining (Figure 1) and Movat’s pentachrome staining. Moreover, for femur
samples decalcified with EDTA, H&E staining as well as immunohistochemical staining
for collagen type-X were conducted as routine procedures for fracture research at the
authors’ institute. For vertebra samples decalcified with formic acid, safranin O / fast
green staining was conducted as a common procedure for preclinical research of bone and
joint diseases such as osteoarthritis. Detailed information of chemical reagents is listed
in Table 1, and procedures of Movat’s pentachrome, safranin O / fast green, H&E and
immunohistochemical staining are listed in the Supplementary File (Figures S1 and S2).

Table 1. List of chemical reagents.

Chemical Reagent Catalogue
Number Manufacturer Note

Alcian blue 8GX solution 66011 Sigma-Aldrich, Schneldorf, Germany histochemical staining
Phosphotungstic acid-Orange G solution 3470 Carl Roth, Karlsruhe, Germany histochemical staining
Safranin O 84120 Sigma-Aldrich, Schneldorf, Germany histochemical staining
Fast green FCF F7258 Sigma-Aldrich, Schneldorf, Germany histochemical staining
H&E fast staining kit 9194.1 Carl Roth, Karlsruhe, Germany histochemical staining

Movat’s pentachrome staining kit 12057 MORPHISTO,
Frankfurt am Main, Germany histochemical staining

PBS Tablets 1111.2 Carl Roth, Karlsruhe, Germany immunohistochemistry
PBS-TWEEN®Tablets 524653-1EA Merck, Darmstadt, Germany immunohistochemistry
Triton™ X-100 X100-100ML Sigma-Aldrich, Schneldorf, Germany immunohistochemistry
IHC Select Citrate Buffer pH 6.0, 10x 21545 Merck, Darmstadt, Germany immunohistochemistry
ReadyProbes™ Endogenous HRP and
AP Blocking Solution R37629 Thermo Fisher Scientific,

Waltham, MA, USA immunohistochemistry

Normal goat serum 5425 Cell Signaling Technology,
Danvers, MA, USA immunohistochemistry

Collagen X Monoclonal Antibody (X53) 41-9771-82 Thermo Fisher Scientific,
Waltham, MA, USA immunohistochemistry

Goat anti-Mouse IgG (H+L) Secondary
Antibody, HRP 31431 Thermo Fisher Scientific,

Waltham, MA, USA immunohistochemistry

SignalStain®DAB Substrate Kit 8059 Cell Signaling Technology,
Danvers, MA, USA immunohistochemistry

Cytoseal 60 8310-4 Thermo Fisher Scientific,
Waltham, MA, USA coverslipping

2.4. Micro-CT and Microscopy

Ex vivo micro-CT images were obtained using vivaCT 80 scanner (Scanco Medical
AG, Zurich, Switzerland) at a voltage of 70 kVp and isotropic voxel size of 39 µm, with
114 µA beam current and 350 ms integration time. The radiological data were further
processed with Fiji (https://imagej.net/Fiji.html accessed on 14 August 2022) and Voxler
(Golden Software, Golden, CO, USA) [15]. The manufacturer’s software for micro-CT
allowed density measurement by the application of a bone calibration phantom. Based

https://imagej.net/Fiji.html
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on the density information, color-mapping could be realized with Voxler by rendering all
voxels higher than a certain density value with given color defined in the Colormap Editor.
Bright-field microscopic images were taken with a digital slide scanner (MoticEasyScan
One, MoticEurope SLU, Barcelona, Spain) at 20× magnification. No further quantitative
and statistical analyses were performed for the current preliminary study.

3. Results
3.1. Staining and Imaging of Rat Femur Fracture Samples Decalcified with EDTA

The multicolor staining allowed visualization and identification of the following tissue
components in different colors (Figure 2a–c): cortical bone in yellow, skeletal muscle fibers
in orange to red and cartilaginous callus in blue to green. In comparison with Movat’s
pentachrome staining at the fracture site (Figure 2d), in which mineralized bones were
stained in yellow and cartilaginous callus in green, the multicolor staining presented better
visualization of cellular details, especially the hypertrophic chondrocytes. Though H&E
staining also supported the visualization of cellular details (Figure 2e), the identification of
mineralized and non-mineralized tissue components could hardly be realized.Bioengineering 2022, 9, x FOR PEER REVIEW 5 of 9 
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Figure 2. Histochemical and immunohistochemical staining of the femur fracture sample and
comparison between micro-CT and multicolor staining images (decalcified with EDTA). (a) Multicolor
staining of skeletal muscle fibers (MUS), orange to red in color; (b) multicolor staining of the cortical
bone (COR), showing bone matrix in yellow and adjacent periosteum (PER) blue to green in color;
newly formed bone tissue under the periosteum (periosteal reaction) during fracture healing can be
observed (white-dashed frame); (c) multicolor staining at the fracture site, showing a transitional
area with hypertrophic chondrocytes (red arrows), as well as extra-cellular matrix undergoing
mineralization (white-dashed frame); (d) Movat’s pentachrome staining at the fracture site, with high-
mineralized tissue in yellow and low-mineralized tissue in green; the white-dashed frame indicates
a transition area undergoing mineralization; (e) H&E staining at the fracture site, showing the
existence of hypertrophic chondrocytes (red arrows); (f) immunohistochemical staining at the fracture
site, showing the expression of type-X collagen in extracellular matrix surrounding hypertrophic
chondrocytes (red arrows) as evidence of endochondral ossification process; (g,h) micro-CT of
the femur sample at fracture site (slice thickness = 39 µm), with a density-based color-mapping
(the area in yellow represented mineralized tissue with a density of higher than 400 mgHA/cm3);
(i) multicolor staining of the fracture site (slice thickness = 10 µm) showing a similar pattern of bone
tissue distribution compared with micro-CT imaging. Tissue components including cartilaginous
callus, woven bone, cortical bone and adjacent muscle fibers could be identified (black arrows: cortical
bone; red-dashed frame: woven bone; red-dashed circle: cartilaginous callus; green arrows: skeletal
muscle fibers).
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In immunohistochemistry (Figure 2f), the expression of collagen type-X was found in
the extracellular matrix surrounding hypertrophic chondrocytes. This region corresponded
to the transitional area between cartilaginous callus and mineralized woven bone in mul-
ticolor staining (Figure 2c), supporting the application of multicolor staining in studies
involving endochondral ossification such as fracture healing [16–18].

After obtaining the ex vivo micro-CT images (Figure 2g), a quantitative color-mapping
was conducted for presentation of the calcified region with a density of more than
400 mgHA/cm3 (Figure 2h). The spatial distribution of yellow-colored high-mineralized
tissue components in CT image, namely woven and lamellar bone, corresponded to the
yellow-color area on the multicolor staining (Figure 2i), while the histochemical method also
allowed visualization of other low- or non-mineralized tissues, which were not effectively
rendered in CT images.

3.2. Micro-CT Imaging and Histochemical Staining of Tail Vertebra Decalcified with Formic Acid

Micro-CT was also conducted for tail vertebra (Figure 3a,b) to identify the bony
endplate and cartilaginous growth plate, whose pattern of bone and cartilage distri-
bution were similar to the joints of the limb, thus allowing the evaluation of staining
methods for bone and joint samples. In Movat’s pentachrome staining, the bony end-
plate and cartilaginous growth plate regions could be identified (Figure 3c). However,
multicolor staining could not only identify the general contour of endplate and growth
plate but also enabled more detailed visualization of the cartilaginous components within
the endplate region (arrows in Figure 3d). The cartilaginous tissue could also be distin-
guished with safranin O and fast green staining (Figure 3e) but was not clearly visible in
micro-CT images.
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Figure 3. Micro-CT and histochemical staining of the tail vertebra (decalcified with formic acid).
(a,b) Micro-CT images showing radiological regions of growth plate with low-density (GP, green
dotted line) and high-mineralized endplate (EP, yellow-labeled area); (c) Movat’s pentachrome
staining: the endplate and growth plate region could be identified; (d) multicolor staining: the bone
tissue in endplate were yellow to orange in color, and the cartilaginous growth plates were light-blue
to dark-green in color (arrows: cartilaginous components in endplate); (e) safranin O / fast green
staining, showing a similar pattern of tissue distribution in the bony endplate and cartilaginous
growth plate as in the multicolor staining (arrows: cartilaginous components in endplate).
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4. Discussion

Although there are less invasive imaging methods developed for animal studies of
musculoskeletal diseases, the application of these techniques might be limited by various
factors, including the accessibility of expensive equipment, difficulty in positioning during
imaging especially for large animals, complications resulting from anesthesia, extra burden
or stress as a confounding factor for analysis, as well as motion artifacts and ring artifacts
that are sometimes unavoidable during in vivo or ex vivo imaging [1]. With relatively
easily accessible devices, traditional histological and immunohistochemical staining with
optical microscopy are still important in biomedical and clinical research, providing reliable
outcomes [6,9,10,19,20].

The multicolor staining method for paraffin-embedded decalcified samples allowed
identification of frequently analyzed tissues in animal models of musculoskeletal disorders.
The protocol involved relatively few chromogens without requiring long experimental time
or usage of hazardous substances; thus, the overall environmental and health risks could
be reduced. The polyvalent basic Alcian blue 8GX was selected, aiming at reacting with
polysaccharides such as glycosaminoglycans in musculoskeletal samples. The subsequent
formation of blue precipitates was widely used for the identification of cartilage and callus
tissues in research [21]. Orange G is an acidic synthetic dye with small size and molecular
weight, allowing rapid penetration of structures and retaining only in tissues with dense
texture such as mineralized bone and muscle fibers. The introduction of phosphotungstic
acid in Orange G solution is to maintain the pH level and to intensify the staining effect,
which was developed by Papanicolaou for Pap staining [22,23].

Femoral fracture and tail vertebra samples were selected to enroll major types of tissue,
including cortical bone, cartilaginous callus, cartilage and skeletal muscle. Additionally,
considering the application of different decalcification protocols among laboratories, both
EDTA and non-EDTA protocols were tested in this study. The new method provided
reliable results in both types of decalcified samples. More staining outcomes are provided
in the Supplementary File to further illustrate its performance in samples undergoing
different decalcification process (Figure S3) or section thickness (Figure S4). In addition,
multicolor staining was also tested effectively in pork rib samples decalcified with formic
acid (Figure S5), showing potential application in preclinical research involving large
animals. The immunohistochemistry of collagen type-X was analyzed in parallel, showing
an efficacy of this method in detecting the transitional area undergoing endochondral
ossification during fracture healing [16–18]. The multicolor staining in the vertebra samples
also effectively detected the existence of cartilaginous tissue in the bony endplate region,
comparable to the outcome of safranin O / fast green staining. In addition, micro-CT and
density-based color-mapping further validated the staining results for mineralized skeletal
tissue. To the authors’ knowledge, this is the first study using a quantitative imaging
method for the validation of histochemical staining in decalcified bone samples.

Based on the above results, the authors suggest applying the multicolor staining proto-
col for skeletal tissue decalcified with formic acid or EDTA, especially for samples including
both mineralized and cartilaginous components, or for research involving endochondral
ossification. The introduction of manual, semi-automatic or advanced methods based
on artificial intelligence for image segmentation and tissue quantification could further
enhance the future application of this staining protocol [9,24,25].

5. Conclusions

The novel multicolor staining enabled the efficient identification of mineralized and
non-mineralized musculoskeletal tissue in paraffin-embedded bone samples decalcified
with EDTA and formic acid. The application and future potential optimization of this
method may facilitate translational and clinical studies of musculoskeletal disorders.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bioengineering9100488/s1, Figure S1: Staining procedures;
Figure S2. Immunohistochemistry protocol for type-X collagen; Figure S3. Multicolor staining
of rat tail vertebra samples decalcified with EDTA and formic acid; Figure S4. Multicolor staining of
rat distal femur samples with different section thickness; Figure S5. Multicolor staining of pork rib
and rat tail vertebra samples decalcified with formic acid.

Author Contributions: Conceptualization, methodology, formal analysis and writing—original draft
preparation, Y.S.; writing—review and editing, supervision, H.H. and R.W.-R.; project administration,
R.W.-R. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by Helmholtz Association.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors express sincere thanks for the support from: Guibo Yu (Senior
technician of Laboratory Diagnosis and Pathology, First Hospital of China Medical University);
Håvard Haugen and Catherine Heyward (Institute of Clinical Dentistry, University of Oslo, partners
in the MgSafe project, European Union’s Horizon 2020 research and innovation program under
the Marie Skłodowska-Curie grant agreement no. 811226); The Central Animal Facility (ZTH) and
Molecular Imaging North Competence Center (MOIN CC, Section Biomedical Imaging) at UKSH, Kiel
University; The MOIN CC infrastructure was made possible by a grant from the state of Schleswig-
Holstein and the European Union ERDF-European Regional Development Fund (Zukunftsprogramm
Wirtschaft); Yahya Acil, Regina Marquardt and Gabriele Neßenius (Department of Oral and Maxil-
lofacial Surgery, UKSH, Kiel University); Yu-wen Zhang (artist support of graphical work).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sun, Y.; Helmholz, H.; Will, O.; Damm, T.; Wiese, B.; Luczak, M.; Peschke, E.; Luthringer-Feyerabend, B.; Ebel, T.; Hövener, J.-B.; et al.

Dynamic in vivo monitoring of fracture healing process in response to magnesium implant with multimodal imaging: Pilot longitudinal
study in a rat external fixation model. Biomater. Sci. 2022, 10, 1532–1543. [CrossRef] [PubMed]

2. Angrisani, N.; Willumeit-Römer, R.; Windhagen, H.; Chathoth, B.M.; Scheper, V.; Wiese, B.; Helmholz, H.; Reifenrath, J. Small-
sized magnesium cylinders influence subchondral bone quality in osteoarthritic rabbits—An in vivo pilot study. Eur. Cell Mater.
2021, 42, 179–195. [CrossRef] [PubMed]

3. Panvini, F.M.; Pacini, S.; Mazzoni, S.; Méndez-Ferrer, S. Multicolor Immunofluorescence Staining of Paraffin-Embedded Human
Bone Marrow Sections. Methods Mol. Biol. 2021, 2308, 119–126. [CrossRef]

4. Bauer, M.; Vaxevanis, C.; Bethmann, D.; Massa, C.; Pazaitis, N.; Wickenhauser, C.; Seliger, B. Multiplex immunohistochemistry as
a novel tool for the topographic assessment of the bone marrow stem cell niche. Methods Enzymol. 2020, 635, 67–79. [CrossRef]

5. Sugita, S.; Hasegawa, T. Practical use and utility of fluorescence in situ hybridization in the pathological diagnosis of soft tissue
and bone tumors. J. Orthop. Sci. 2017, 22, 601–612. [CrossRef]

6. Mirando, A.J.; Hilton, M.J. Demineralized Murine Skeletal Histology. Methods Mol. Biol. 2021, 2230, 283–302. [CrossRef] [PubMed]
7. Yakovleva, A.; Plieskatt, J.L.; Jensen, S.; Humeida, R.; Lang, J.; Li, G.; Bracci, P.; Silver, S.; Bethony, J.M. Fit for genomic and

proteomic purposes: Sampling the fitness of nucleic acid and protein derivatives from formalin fixed paraffin embedded tissue.
PLoS ONE 2017, 12, e0181756. [CrossRef]

8. Groelz, D.; Viertler, C.; Pabst, D.; Dettmann, N.; Zatloukal, K. Impact of storage conditions on the quality of nucleic acids in
paraffin embedded tissues. PLoS ONE 2018, 13, e0203608. [CrossRef]

9. Rentsch, C.; Schneiders, W.; Manthey, S.; Rentsch, B.; Rammelt, S. Comprehensive histological evaluation of bone implants.
Biomatter 2014, 4, e27993. [CrossRef]

10. Schmitz, N.; Laverty, S.; Kraus, V.B.; Aigner, T. Basic methods in histopathology of joint tissues. Osteoarthr. Cartil.
2010, 18 (Suppl. S3), S113–S116. [CrossRef]

11. Movat, H.Z. Demonstration of all connective tissue elements in a single section; pentachrome stains. AMA Arch. Pathol.
1955, 60, 289–295. [PubMed]

12. Campo, R.D.; Betz, R.R. Loss of proteoglycans during decalcification of fresh metaphyses with disodium ethylenediaminetetraac-
etate (EDTA). Calcif. Tissue Int. 1987, 41, 52–55. [CrossRef] [PubMed]

13. Bogoevski, K.; Woloszyk, A.; Blackwood, K.; Woodruff, M.; Glatt, V. Tissue Morphology and Antigenicity in Mouse and Rat Tibia:
Comparing 12 Different Decalcification Conditions. J. Histochem. Cytochem. 2019, 67, 545–561. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/bioengineering9100488/s1
https://www.mdpi.com/article/10.3390/bioengineering9100488/s1
http://doi.org/10.1039/D2BM00051B
http://www.ncbi.nlm.nih.gov/pubmed/35171193
http://doi.org/10.22203/eCM.v042a14
http://www.ncbi.nlm.nih.gov/pubmed/34582032
http://doi.org/10.1007/978-1-0716-1425-9_10
http://doi.org/10.1016/bs.mie.2019.05.055
http://doi.org/10.1016/j.jos.2017.02.004
http://doi.org/10.1007/978-1-0716-1028-2_16
http://www.ncbi.nlm.nih.gov/pubmed/33197020
http://doi.org/10.1371/journal.pone.0181756
http://doi.org/10.1371/journal.pone.0203608
http://doi.org/10.4161/biom.27993
http://doi.org/10.1016/j.joca.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/13248341
http://doi.org/10.1007/BF02555132
http://www.ncbi.nlm.nih.gov/pubmed/3113702
http://doi.org/10.1369/0022155419850099
http://www.ncbi.nlm.nih.gov/pubmed/31090479


Bioengineering 2022, 9, 488 8 of 8

14. Nakamura, T.; Sumi, K.; Tsuji, E.; Hosotani, M.; Namba, T.; Ichii, O.; Irie, T.; Nagasaki, K.-I.; Kon, Y.; Mishima, T.; et al.
Novel polychrome staining distinguishing osteochondral tissue and bone cells in decalcified paraffin sections. Cell Tissue Res.
2021, 385, 727–737. [CrossRef] [PubMed]

15. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.;
Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

16. Grant, W.T.; Wang, G.J.; Balian, G. Type X collagen synthesis during endochondral ossification in fracture repair. J. Biol. Chem.
1987, 262, 9844–9849. [CrossRef]

17. Shen, G. The role of type X collagen in facilitating and regulating endochondral ossification of articular cartilage. Orthod. Craniofac
Res. 2005, 8, 11–17. [CrossRef]

18. Yang, L.; Tsang, K.Y.; Tang, H.C.; Chan, D.; Cheah, K.S.E. Hypertrophic chondrocytes can become osteoblasts and osteocytes in
endochondral bone formation. Proc. Natl. Acad. Sci. USA 2014, 111, 12097–12102. [CrossRef]

19. Frankel, A. Formalin fixation in the ’-omics’ era: A primer for the surgeon-scientist. ANZ J. Surg. 2012, 82, 395–402. [CrossRef]
20. Magaki, S.; Hojat, S.A.; Wei, B.; So, A.; Yong, W.H. An Introduction to the Performance of Immunohistochemistry. Methods Mol.

Biol. 2019, 1897, 289–298. [CrossRef]
21. Scott, J.E.; Quintarelli, G.; Dellovo, M.C. The chemical and histochemical properties of Alcian Blue. I. The mechanism of Alcian

Blue staining. Histochem. Cell Biol. 1964, 4, 73–85. [CrossRef] [PubMed]
22. Sathawane, P.; Kamal, M.M.; Deotale, P.R.; Mankar, H. Nuances of the Papanicolaou stain. Cytojournal 2022, 19, 43. [CrossRef]

[PubMed]
23. Chantziantoniou, N.; Donnelly, A.D.; Mukherjee, M.; Boon, M.E.; Austin, R.M. Inception and Development of the Papanicolaou

Stain Method. Acta Cytol. 2017, 61, 266–280. [CrossRef] [PubMed]
24. Ballerini, L.; Franke-Stenport, V.; Borgefors, G.; Johansson, C.B. Comparison of histomorphometrical data obtained with two

different image analysis methods. J. Mater Sci. Mater. Med. 2007, 18, 1471–1479. [CrossRef] [PubMed]
25. Malhan, D.; Muelke, M.; Rosch, S.; Schaefer, A.B.; Merboth, F.; Weisweiler, D.; Heiss, C.; Arganda-Carreras, I.; Khassawna, T.E. An

Optimized Approach to Perform Bone Histomorphometry. Front. Endocrinol. 2018, 9, 666. [CrossRef]

http://doi.org/10.1007/s00441-021-03516-6
http://www.ncbi.nlm.nih.gov/pubmed/34410480
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1016/S0021-9258(18)48010-6
http://doi.org/10.1111/j.1601-6343.2004.00308.x
http://doi.org/10.1073/pnas.1302703111
http://doi.org/10.1111/j.1445-2197.2012.06092.x
http://doi.org/10.1007/978-1-4939-8935-5_25
http://doi.org/10.1007/BF00306149
http://www.ncbi.nlm.nih.gov/pubmed/4157595
http://doi.org/10.25259/CMAS_03_18_2021
http://www.ncbi.nlm.nih.gov/pubmed/35928529
http://doi.org/10.1159/000457827
http://www.ncbi.nlm.nih.gov/pubmed/28384641
http://doi.org/10.1007/s10856-007-0150-1
http://www.ncbi.nlm.nih.gov/pubmed/17387585
http://doi.org/10.3389/fendo.2018.00666

	Introduction 
	Materials and Methods 
	Sample Selection 
	Sample Processing 
	Histochemical and Immunohistochemical Staining 
	Micro-CT and Microscopy 

	Results 
	Staining and Imaging of Rat Femur Fracture Samples Decalcified with EDTA 
	Micro-CT Imaging and Histochemical Staining of Tail Vertebra Decalcified with Formic Acid 

	Discussion 
	Conclusions 
	References

