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Introduction

The histological evaluation of calcified tissues is per-
formed in clinical and research laboratories worldwide 
and is essential in understanding both anatomic mor-
phology and pathophysiology. Despite decades of 
improvements in the methods used for histological anal-
yses, performing histology on bones remains a chal-
lenge. Complete decalcification, that is, the removal of 
calcium from the hydroxyapatite matrix of bone, is a 
time-consuming process that varies from days to months 
depending on the size of the specimen and the species 
used.1,2 Moreover, if an inappropriate decalcification 
method is used, there is a high potential for tissue dam-
age. Consequently, it is very important to select a method 
that not only decalcifies bone rapidly but also avoids 

damaging the tissue morphology. The most commonly 
used decalcification solution is ethylenediaminetet-
raacetic acid (EDTA), a chelating agent that binds cal-
cium ions from the surface of the hydroxyapatite crystals 
of the bone, which causes minimal damage to the tissue 
during the decalcification process.3,4 However, decalcifi-
cation in EDTA is rather slow, which is why it 
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Summary
Conventional bone decalcification is a time-consuming process and is therefore unsuitable for clinical applications and time-
limited research projects. Consequently, we compared the effect of four different decalcification solutions applied at three 
different temperatures, and assessed the rate of decalcification and the implications on tissue morphology and antigenicity 
of mouse and rat tibiae. Bones were decalcified with 10% ethylenediaminetetraacetic acid (EDTA), 10% formic acid, 5% 
hydrochloric acid, and 5% nitric acid at 4C, 25C, and 37C. Decalcification in both species was fastest in nitric acid at 37C 
and slowest in EDTA at 4C. Histological and immunohistochemical staining confirmed that the conventional protocols of 
EDTA at 4C and 25C remain the best option regarding the quality of tissue preservation. Whereas formic acid at 4C is a 
good alternative saving about 90% of the decalcification time, hydrochloric and nitric acids should be avoided particularly in 
case of rat tibia. By contrast, due to their smaller size, mouse tibiae had shorter decalcification times and tolerated higher 
temperatures and exposure to acids much better. In conclusion, this study demonstrated that depending on the specific 
research question and sample size, alternative decalcification methods could be used to decrease the time of decalcification 
while maintaining histological accuracy. (J Histochem Cytochem 67: 545–561, 2019)

Keywords
EDTA, formic acid, hydrochloric acid, nitric acid, bone histology, immunohistochemistry, mineralized tissues, tibia, mouse, rat 

https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jhc
mailto:glatt@uthscsa.edu


546 Bogoevski et al. 

is considered unsuitable for clinical applications and 
time-limited research projects. Faster decalcification can 
be achieved using weak organic (e.g., formic acid) or 
stronger mineral acids (e.g., hydrochloric and nitric 
acids), which can be further accelerated by ultrasonica-
tion, or temperature, usually via microwave ovens.2,5–11

Mice and rats are the most commonly used verte-
brates in basic science research.12,13 They serve as 
model organisms to study various pathologies to 
improve treatment strategies for the benefit of patients. 
The availability of transgenic mice and rats allows for 
studying the genetic and molecular mechanisms of 
congenital and acquired bone diseases.14,15 Similarly, 
rodent models are also used in orthopedic research 
focusing on injuries and diseases of the skeletal sys-
tem, such as fracture healing, metabolic diseases (e.g., 
osteoporosis), and bone cancer. The tibial shaft is the 
most commonly fractured long bone and is more prone 
to an open fracture than the femur due to the tibia’s sub-
cutaneous localization, which subjects it to direct injury 
and increases the risk of infection, delayed union, and 
nonunion.16 As a result, many closed and open tibial 
fracture models, in both mice and rats, have been devel-
oped to study bone healing.17,18 Most of these studies 
include various histological analyses, which require 
decalcification before processing the sample. Despite 
the improvements in bone decalcification and process-
ing methods for histology, there is a need for a tissue-
specific standardization of this process for research and 
diagnostic purposes, particularly in tibia.19 Previously 
published studies comparing different decalcification 
methods for mineralized tissues mostly used teeth and 
mandibular bone of human and rat origin20–25 or rat 
femurs.10,26,27 Therefore, the main goal of this study was 
to evaluate and compare commonly used decalcifica-
tion methods for mouse and rat tibiae. To investigate 
this, micro–computed tomography (microCT) was used 
to accurately measure rates of decalcification for exact 
demineralization end points and to determine the effects 
different decalcification solutions and temperatures 
have on the preservation of tissue morphology and anti-
genicity of mouse and rat bone tissue.

Methods

Specimen Collection and Decalcification

C57BL/6 mice and Wistar rat tibiae matched by age 
and gender (4–5 months, males) were harvested from 
sacrificed animals acquired through the tissue use 
notification program of the local animal ethics commit-
tee, Queensland University of Technology, Australia 
(#1400000377). After the removal of soft tissue, 
mouse and rat tibiae were fixed in 4% paraformalde-
hyde (PFA) at 4C and placed on agitation equipment 
at 400 rpm for 24 and 48 hr, respectively. A total of 
three tibiae per treatment group were collected. Four 
different decalcification solutions were used: 10% 
EDTA, pH 7.4 (Sigma-Aldrich; Castle Hills, Australia), 
10% formic acid (Sigma-Aldrich), 5% hydrochloric 
acid (Merck; Bayswater, Australia), and 5% nitric acid 
(Merck). The decalcification rate of the four solutions 
was compared at 4C, 25C (room temperature),  
both with agitation, or 37C in a microwave  
(KOS Multifunctional Microwave Tissue Processor, 
Milestone S.r.l.; Sorisole, Italy) at 150 W and 400 rpm. 
Before decalcification, each sample was weighed and 
placed in 50 ml of decalcifying solution and regularly 
monitored as indicated in Table 1. EDTA was replaced 
every 72 hr, whereas the acid solutions were kept 
unchanged until the decalcification was complete.

Assessment of Decalcification

The weight of each specimen and the pH of the decal-
cification solution were recorded at each time point 
before scanning with microCT (μCT 40, SCANCO 
Medical AG; Brüttisellen, Switzerland) at an isotropic 
voxel size of 12 (mice) and 16 (rats) µm, an energy of 
70 kV, and an integration time of 200 msec. The fre-
quency of testing was determined based on a previous 
pilot study. Specimens remained in their respective 
decalcification solutions during microCT scanning. All 
bones were deemed decalcified when their bone vol-
ume (BV) had reached 0% as measured by microCT. 
On completion of decalcification in acid, the specimens 

Table 1. Monitoring Frequency for the Different Decalcification Conditions for Mouse and Rat Specimens.

Decalcification Solution/ 
Temperature

Mouse Rat

10% EDTA, 
pH 7.4

10% Formic 
Acid 5% HCl

5% Nitric 
Acid

10% EDTA, 
pH 7.4

10% Formic 
Acid 5% HCl

5% Nitric 
Acid

4C 24 hr 4 hr 4 hr 2 hr 1 week 12 hr 4 hr 1 hr
25C 24 hr 4 hr 4 hr 2 hr 1 week 12 hr 4 hr 1 hr
37C 12 hr 2 hr 2 hr 1 hr 24 hr 6 hr 3 hr 30 min

Abbreviation: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid.
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were neutralized using sodium bicarbonate, rinsed in 
running tap water for 4 hr, and stored in 70% ethanol 
prior to histological processing.

Histology

Decalcified tissues were processed in a tissue proces-
sor (Thermo Fisher Australia Pty Ltd; Mulgrave, 
Australia) using ascending concentrations of ethanol 
(70%, 80%, 95%, 3 × 100%), three changes of xylene, 
and four changes of paraffin (60C) for 40 min per each 
solution. The samples were sectioned (Leica RM2245, 
Leica Microsystems Pty Ltd; Macquarie Park, Australia) 
at a thickness of 5 µm after the specimens were 
soaked in ice water overnight. Tissue sections were 
mounted on poly-lysine slides and oven-dried at 45C 
for a minimum of 5 hr prior to staining. After deparaf-
finization in xylene and rehydration in graded ethanols 
(100–50%), hematoxylin and eosin (H&E) staining, 
Safranin O/Fast Green staining, and immunohisto-
chemistry were performed.

H&E Staining

Following deparaffinization, slides were immersed in 
Mayer’s hematoxylin for 2 min, differentiated in 0.5% 
acid alcohol for 30 sec, and then bluing was performed 
in tap water. Slides were stained with eosin for 30 sec 
and quickly rinsed in running tap water. Dehydration 
was performed in ascending concentrations of graded 
ethanol (50–100%) and cleared by xylene before the 
slides were coverslipped.

Safranin O/Fast Green Staining

Deparaffinized slides were immersed in Weigert’s 
hematoxylin for 2 min, differentiated in 2% acid alcohol 
for 30 sec, stained with 0.05% Fast Green FCF for 7 
min, rinsed in 1% acetic acid for 30 sec, and stained in 
0.1% Safranin O solution for 7 min. The slides were 
dehydrated with ethanol and cleared by xylene before 
being coverslipped.

Immunohistochemistry

After deparaffinization, antigen retrieval was per-
formed using Proteinase K (S3020, Agilent 
Technologies Australia Pty Ltd; Mulgrave, Australia) 
for 5 (mice) or 10 min (rats) at room temperature (col-
lagen type I, von Willebrand factor [vWF]) or with 
heat-mediated antigen retrieval using citrate buffer 
(pH 6.0) for 12 min at 95C (osterix). Endogenous per-
oxidase was inhibited using 3% H

2
O

2
 (Sigma-Aldrich) 

for 15 min. Slides were then blocked using 2% bovine 

serum albumin (Sigma-Aldrich) at room temperature 
for 60 min. Primary antibodies were applied to the 
slides at room temperature for 1 hr using a dilution of 
1:500 polyclonal rabbit anti–collagen type I antibodies 
(ab34710, Abcam plc; Cambridge, UK), 1:200 mono-
clonal rabbit anti-osterix (Sp7) antibodies (ab209484, 
Abcam plc), or 1:200 polyclonal rabbit anti-human 
vWF antibodies (IR527, Agilent Technologies Australia 
Pty Ltd). Following primary antibody incubation, slides 
were incubated with EnVision+Dual Link System-HRP 
Rabbit/Mouse secondary antibody (Agilent 
Technologies Australia Pty Ltd) for 1 hr at room tem-
perature, and antibody binding was visualized with 
diaminobenzidine tetrahydrochloride chromogen 
(Agilent Technologies Australia Pty Ltd) substrate for 
5 min. After counterstaining with a 1:10 dilution of 
Mayer’s hematoxylin for 30 sec, the slides were dehy-
drated through graded ethanols, cleared in xylene, 
and coverslipped. Negative controls using either a 
rabbit IgG isotype or omitting the primary antibody 
were included to validate the stainings.

Microscopy

Brightfield microscopy was performed using Leica 
DM6 B (Leica Microsystems Inc.; Buffalo Grove, IL). 
The slides were imaged, and representative regions of 
interest were selected.

Statistics

Comparisons of the groups were performed using 
one-way ANOVA. In case of significant differences 
(p<0.05), comparisons between the groups were fur-
ther assessed with Bonferroni multiple-comparison 
test. Data were considered statistically significant at 
*p<0.05 and highly significant at **p<0.01.

Results

Decalcification Rate

Weight Loss. Weight loss was measured during decalci-
fication as it is a commonly used method, although not 
very accurate, to determine when specimens had 
reached the end point. Intact mice and rat tibiae on 
average lost 33.2 ± 7.1% and 43.9 ± 10.4% of their 
initial weight during the decalcification process, 
respectively, regardless of the decalcification method 
used (Fig. 1A and D). The largest weight loss for both 
species was at 37C, independent of the solution used.

Change of pH. The pH of the solutions was recorded to 
assess their suitability to serve as an indicator for the 
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progress of decalcification. An increase in pH over time 
was observed in all setups, except for samples that were 
decalcified in 10% EDTA, where it remained stable at pH 
7.4. In all the other acids, the pH increase ranged 
between 0.09 and 0.25 for mouse, and between 0.61 
and 0.9 for rat tibiae, depending on the temperature and 
acid used (Fig. 1B and E). In most groups, the samples 
that were decalcified at 37C showed the highest increase 
in pH compared with conventional methods. However, a 
final pH indicating an end point valid for all species could 
not be identified for any acids used. Therefore, the decal-
cification end point could not be accurately measured 
based on pH changes of the solutions.

MicroCT Imaging. Complete decalcification of specimens 
was determined using data from microCT scans, which 

was achieved when the measured BV reached 0%. The 
slowest decalcification condition for both species was 
10% EDTA at 4C, whereas the fastest decalcification 
was observed when the bones were decalcified with 5% 
nitric acid at 37C. Mouse (Figs. 1C and 2A) and rat (Figs. 
1F and 2B) bone decalcification times ranged from 1.5 to 
72 hr and 2.5 to 840 hr (5 weeks), respectively.

MicroCT results demonstrated that an increase in 
temperature decreased the time until complete decal-
cification irrespective of the solution used. Overall, the 
increase in temperature from 4C to 37C resulted in 
time savings on average of about 42.5 ± 13.0% and 
56.8 ± 17.0% for mouse and rat tibiae, respectively. 
Replacing 10% EDTA with 10% formic acid, 5% hydro-
chloric acid, or 5% nitric acid decreased the decalcifi-
cation times by 89%, 93%, and 96% for mouse tibiae 

Figure 1. Effect of the decalcification process on sample weight (A and D), increase in pH of the decalcifying solution (B and E), and the 
time until complete decalcification (C and F). Blue numbers indicate how many hours it took for complete decalcification in each sample 
group. Mean ± SD, n=3. Abbreviations: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid. *p<0.05, **p<0.01.
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and by 94%, 98%, and 99% for rat tibiae. In compari-
son, an increase in temperature to 25C and 37C led to 
time savings of 17% and 50% in mouse samples and 

20% and 86% in rat samples. In the acid groups, it was 
noted that decalcification at 37C was completed in half 
the time of the 4C group in both mouse and rat tibiae. 

Figure 2. Representative 3D microCT images of mouse (A) and rat (B) tibiae decalcified in 10% EDTA (slowest decalcification) and 
5% nitric acid (fastest decalcification) at indicated time points with end points in yellow. Mineralized bone matrix appears white and 
decalcified bone is not visible. Scale bar = 1 cm. Abbreviations: 3D, three-dimensional; EDTA, ethylenediaminetetraacetic acid; microCT, 
micro–computed tomography.
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In addition, the bone samples from both species fol-
lowed the same trend, showing a gradient of decalcifi-
cation rate, which increased from 10% EDTA to 10% 
formic acid, to 5% hydrochloric acid, and to 5% nitric 
acid. The proximal end of the tibia was the last part of 
the bone to decalcify (Fig. 2A and B).

Preservation of Tissue and Cell Morphology

The tissue and cellular morphology of mouse and rat 
tibiae decalcified in four different solutions at three dif-
ferent temperatures were compared. H&E was used 
for general assessment of cell and tissue morphology, 
whereas Safranin O/Fast Green was used to stain pro-
teoglycans and glycosaminoglycans in cartilage.28 The 
analysis revealed differences in preservation quality of 
tissues related to the decalcification solutions and 
temperatures used.

Mouse. Excellent preservation of the tissue morphol-
ogy was observed in all mouse tibiae decalcified in 
EDTA or formic acid at all temperatures. Staining of 
cell nuclei in bone, cartilage, bone marrow, and blood 
vessels did not show any signs of deterioration with 
either H&E or Safranin O/Fast Green stain (Fig. 3A–F, 
M–R, Supplemental Fig. S1A–F, M–R). In addition, 
epithelial cell and erythrocyte staining was observed in 
vascular tissue (Supplemental Fig. S1A–F). H&E-
stained sections showed that cement lines, as well as 
lamellar bone, were intact and clearly defined in both 
EDTA and formic acid groups (indicated by arrow-
heads in Fig. 3A–F). Bright red staining of cartilage in 
the epiphyseal plate and green staining of the bone 
tissue were observed in Safranin O/Fast Green–
stained sections for all decalcification conditions, and 
both cartilage and bone were well preserved in speci-
mens decalcified in EDTA and formic acid for all condi-
tions (Fig. 3M–R).

Different degrees of damage to the tissue morphol-
ogy were observed in specimens decalcified in hydro-
chloric or nitric acid for most conditions (Fig. 3G–L, 
S–X). Cement lines showed a darker hematoxylin stain 
and appeared less defined (indicated by arrowheads 
in Fig. 3G–L), whereas the vasculature tissue architec-
ture showed evidence of tissue disruption. In H&E-
stained sections, epithelial cells, erythrocytes, and 
osteocytes in the cortical bone had a slightly smudged 
and heterogeneous appearance in all hydrochloric 
acid groups and when using nitric acid at 37C, which 
resulted in loss of cellular detail. In contrast, osteocyte 
staining in the nitric acid groups decalcified at 4C and 
25C was present in all decalcification conditions (Fig. 
3G–L). Interestingly, there were no striking differences 
observed in the bone marrow, which appeared to be 

very similar independent of the decalcification protocol 
(Supplemental Fig. S1M–X). Generally, good tissue 
preservation of cartilage and bone was detected with 
Safranin O/Fast Green stain for all decalcification con-
ditions in both hydrochloric and nitric acids; however, 
the cartilage matrix showed evidence of nonspecific 
nucleic staining. Instead of dark blue/black, the cell 
nuclei appeared rather green. Furthermore, in both of 
these groups, shrinkage of chondrocytes and lacunae 
was observed, which was less severe in the micro-
wave groups (Fig. 3S–X). In the formic acid group, the 
cellular morphology still appeared intact, and the mor-
phology of bone tissue did not show any discernible 
changes between the acid groups. The results for 
mouse tibiae are summarized in Table 2.

Rat. Compared with mouse tibiae, differences in the 
preservation quality of the tissue and cellular morphol-
ogy in rat tibiae were found to be more severe between 
the various decalcification methods. Similar to mouse 
tibiae, samples decalcified in EDTA at 4C and 25C 
showed excellent morphology of both tissues and cells 
(Fig. 4A and B), whereas at 37C the cement lines 
appeared a bit fainter (Fig. 4C). Formic acid groups had 
a darker hematoxylin stain of the cortical bone, but in 
general, very good preservation of tissue and cellular 
morphology was seen at both 4C and 25C (Fig. 4D and 
E). An increase in temperature to 37C led to a weaker 
nuclear stain, less defined cement lines (indicated by 
arrowheads in Fig. 4A–E, F), and partial loss of the 
structural integrity of blood vessels in the form of fraying 
edges (compare Supplemental Fig. S2F with Fig. S2A–
E). Tissue and cellular morphology showed different lev-
els of deterioration for all hydrochloric and nitric acid 
groups (Fig. 4G–L, Supplemental Fig. S2G–L). Most evi-
dent was the loss of nuclear staining by hematoxylin in 
the bone marrow of all these groups (Supplemental Fig. 
S2S–X) and faded osteocyte staining in the cortical 
bone in all hydrochloric acid groups (Fig. 4G–I). In con-
trast, osteocyte staining in the nitric acid groups was 
observed for all conditions (Fig. 4J–L). Cement line (indi-
cated by arrowheads in Fig. 4G–L), epithelial cell, and 
erythrocyte staining appeared smudged and were more 
evident in hydrochloric than in the nitric acid group, 
which resulted in improved preservation of tissue quality 
with increasing decalcification temperatures (Fig. 4J–L). 
Cartilage and bone morphology were well preserved in 
the EDTA and formic acid–decalcified specimens as evi-
denced by Safranin O/Fast Green staining (Fig. 4M–R). 
Epiphyseal cartilage and bone tissue stained bright red 
and green, respectively, in specimens for all decalcifica-
tion conditions. Specimens decalcified in hydrochloric 
and nitric acid showed signs of tissue degradation and 
cytological damage (Fig. 4S–X). Cell nuclei were 
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Figure 3. Hematoxylin and eosin (A–L) and Safranin O/Fast Green (M–X) staining of mouse tibiae. Black arrowheads indicate cement 
lines. Scale bars = 50 μm. Abbreviations: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid.
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observed to stain green instead of black in chondrocytes 
for the 4C hydrochloric and all nitric acid groups, whereas 
cell nuclei stained black in all other decalcification condi-
tions. Chondrocyte and cartilage lacunae shrinkage 
appeared to occur in the hydrochloric and nitric acid 
groups; however, the shrinkage was less severe in the 
microwave hydrochloric group. Furthermore, signs of 
shrinkage were observed in the formic acid group; 
despite this, the cellular morphology still appeared intact. 
Bone morphology staining with fast green did not show 
any discernible changes between the acid groups. Car-
tilage tissue morphology was well preserved when 
decalcified in EDTA regardless of the condition used; 
whereas formic acid revealed minor damage to cytologi-
cal structures, tissue damage was observed in hydro-
chloric and nitric acid groups. Table 3 summarizes the 
results of the decalcification of rat tibiae.

Preservation of Antigenicity in Decalcified Bone 
Tissues

The preservation of antigens in mouse and rat bone 
tissues after decalcification under 12 different condi-
tions was investigated to evaluate the tissues’ immuno-
reactivity. Collagen type I, being the most abundant 
protein in the body and main component of the organic 
part of bone, osterix, which is an essential transcrip-
tion factor for osteoblast differentiation and bone for-
mation, and vWF, a marker for vascular endothelial 
cells, were selected.

Mouse—Collagen Type I. The tissue antigenicity was well 
preserved in the EDTA and formic acid–decalcified 

specimens for all conditions. Mouse tibiae in EDTA 
showed positive staining of collagen type I in the bone 
matrix. Tissue architecture was well preserved and 
bone remodeling sites could be identified from the 
staining in all EDTA and formic acid groups (Fig. 5A–
F). In contrast, specimens decalcified by hydrochloric 
and nitric acid showed evidence of degradation (Fig. 
5G–L), which was evidenced by a lack of hematoxylin 
staining of the cell nuclei. Cement lines were stained in 
the conventional groups (4C and 25C) and absent in 
the microwave group (37C). Mouse tibiae specimens 
decalcified in EDTA at 37C or in formic acid had similar 
antigenicity preservation and staining patterns as the 
samples decalcified in EDTA at 4C.

Mouse—Osterix. Positive immunostaining was observed 
in cell nuclei of osteoblasts in samples from all decalci-
fication groups with no major differences regarding the 
intensity of the signal (Fig. 5M–X). A slightly fainter 
staining was observed in samples decalcified in formic, 
hydrochloric, and nitric acids at 37C (Fig. 5R, U, X).

Mouse—von Willebrand Factor. Mouse tibiae decalcified in 
EDTA had well-preserved vascular tissue at all decalcifi-
cation temperatures. Blood vessel endothelium and 
serum proteins stained positive for vWF (Fig. 5a–c). Vas-
cular tissue was also well preserved in formic acid for all 
conditions with positive vWF staining detected inside 
blood vessels (Fig. 5d–f). Vascular tissue antigenicity 
was retained in all hydrochloric and nitric acid groups at 
4C and 25C (Fig. 5g–l). However, endothelial cells had 
lost cellular detail as nuclei and cytoplasm staining was 
unable to be identified in hydrochloric acid decalcification 

Table 2. Preservation of Tissue and Cell Morphology of Mouse Tibiae Using Different Decalcification Conditions and Time Savings.

Condition Tissue and Cell Morphology Antigenicity Time Saving

Decalcification Solution
Temp. 

(C) Bone Cartilage
Osteo 
cytes

Chondro 
cytes

Bone Marrow 
Cells

Collagen 
Type I Osterix

von Willebrand 
Factor (%)

10% EDTA 4 4 4 4 4 4 4 4 4 0
 25 4 4 4 4 4 4 4 4 17
 37 4 4 4 4 4 4 4 4 50
10% Formic 4 4 4 4 4 4 4 4 3 89
 acid 25 4 4 4 4 3 4 4 3 89
 37 4 4 4 4 3 3 2 2 94
5% HCl 4 3 3 2 2 3 3 3 3 93
 25 3 3 2 2 3 3 3 2 93
 37 3 3 3 3 3 3 2 2 94
5% Nitric 4 3 3 2 2 3 3 2 3 96
 acid 25 3 3 3 2 3 3 3 2 96
 37 3 3 3 3 3 3 3 2 98

Grading: 1, poor; 2, fair; 3, good; 4, excellent. Abbreviations: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid; Temp., temperature.
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Figure 4. Hematoxylin and eosin (A–L) and Safranin O/Fast Green (M–X) staining of rat tibiae. Black arrowheads indicate cement lines. 
Scale bars: A–L = 50 μm; M–X = 100 μm. Abbreviation: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid.
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at 25C (Fig. 5h) and in nitric acid decalcification at 37C 
(Fig. 5l). Nonspecific background staining was observed 
in the bone matrix in all acid groups (formic, hydrochloric, 
and nitric acid) (Fig. 5d–l). Differences in antigenicity and 
tissue morphology were noted to occur between EDTA 
and the acid groups. Compared with EDTA, the acid 
groups showed evidence of morphological damage and 
reduced antigenicity. The evaluation of antigen preserva-
tion in mouse tibiae is summarized in Table 2.

Rat—Collagen Type I. Collagen type I antigenicity was 
well preserved in rat specimens decalcified in EDTA. 
Positive immunoreactivity was observed throughout 
the bone matrix as indicated by brown staining of the 
bone matrix (Fig. 6A–C). The first signs of tissue dete-
rioration were visible in bone samples decalcified in 
formic acid especially around cell nuclei, which 
appeared to increase with the temperature (Fig. 6D–
F). Specimens in hydrochloric and nitric acids showed 
signs of tissue matrix damage as evidenced by partial 
loss of tissue morphology and nonspecific collagen 
type I staining (Fig. 6G–L). Deterioration of the lamel-
lar bone matrix was observed in the hydrochloric and 
nitric acid microwave groups. Furthermore, damage 
was also observed in the hydrochloric acid groups 
decalcified at 4C and 25C, although it was possible to 
distinguish lamellar bone morphology. Although cell 
nuclei stained well in all EDTA groups as well as in 
formic acid groups at 4C and 25C, the hydrochloric 
and nitric acid groups’ cell nuclei staining was absent 
(Fig. 6G–L). The same was observed in samples 
decalcified with formic acid at 37C (Fig. 6F). Antigenic-
ity of collagen type I in specimens decalcified by EDTA 

at 25C and in the microwave at 37C, and the formic 
acid groups at 4C and 25C did not show any differ-
ences to the routine EDTA condition (4C).

Rat—Osterix. Positive staining of osterix was detected 
in samples of all decalcification groups. However, best 
results were obtained in samples decalcified in EDTA 
at 4C, followed by EDTA at 25C, formic acid at 4C, and 
formic acid at 25C (Fig. 6M, N, P, Q). Weaker staining 
was observed in samples decalcified in EDTA and for-
mic acid at 37C and in hydrochloric acid at 25C (Fig. 
6O, R, T). Osterix-positive immunostaining was pres-
ent but poorly visible in samples decalcified in hydro-
chloric acid at 4C (indicated by arrowheads in Fig. 6S), 
as well as in all nitric acid groups (indicated by arrow-
heads in Fig. 6V–X). No nonspecific background stain-
ing was seen in any of the samples; however, all 
samples decalcified in nitric acid appeared to have a 
yellow tint (Fig. 6V–X).

Rat—von Willebrand Factor. Blood vessel morphology 
and serum protein antigenicity of vWF were well pre-
served in rat tibiae specimens decalcified by EDTA 
and formic acid regardless of the decalcification condi-
tions. Positive staining was localized to the vasculature 
and the surrounding endothelium. Circulating vWF 
within the blood vessels stained positive, indicating 
that serum protein antigenicity was intact for all condi-
tions in EDTA and in formic acid groups at 25C and 
37C (Fig. 6a–c, e, f), whereas it was weaker at 4C (Fig. 
6d). Staining for vWF in hydrochloric acid–decalcified 
specimens revealed similar staining patterns to EDTA 
and formic acid; however, nonspecific background 

Table 3. Preservation of Tissue and Cell Morphology of Rat Tibiae Using Different Decalcification Conditions and Time Savings.

Condition Tissue and Cell Morphology Antigenicity Time Saving

Decalcification Solution
Temp. 

(C) Bone Cartilage
Osteo- 
cytes

Chondro- 
cytes

Bone 
Marrow Cells

Collagen 
Type I Osterix

von Willebrand 
Factor (%)

10% EDTA 4 4 4 4 4 4 4 4 4 0
 25 4 4 4 4 4 4 4 4 20
 37 3 3 4 3 4 3 3 4 86
10% Formic 4 4 4 4 4 3 2 4 3 94
 acid 25 4 4 3 4 3 2 4 4 96
 37 3 3 3 3 2 2 3 3 97
5% HCl 4 3 3 2 2 2 2 2 4 98
 25 2 2 2 2 2 2 3 4 99
 37 2 2 2 2 2 1 1 4 99
5% Nitric 4 3 3 2 2 2 2 1 1 99
 acid 25 2 2 1 1 1 2 1 2 99.5
 37 2 2 1 1 1 1 1 3 99.7

Grading: 1, poor; 2, fair; 3, good; 4, excellent. Abbreviations: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid; Temp., temperature.
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Figure 5. Immunohistochemistry in mouse tibiae. (A–L) Collagen type I stains the bone matrix. (M–X) Osterix stains nuclei of osteo-
blasts. (a–l) von Willebrand Factor is a marker for vascular endothelial cells. Scale bars = 50 μm. Abbreviation: EDTA, ethylenediamine-
tetraacetic acid; HCl, hydrochloric acid.
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Figure 6. Immunohistochemistry in rat tibiae. (A–L) Collagen type I stains the bone matrix. (M–X) Osterix stains nuclei of osteoblasts. 
Black arrowheads indicate osterix-positive osteoblasts. (a–l) von Willebrand is a marker for vascular endothelial cells. Scale bars = 50 
μm. Abbreviation: EDTA, ethylenediaminetetraacetic acid; HCl, hydrochloric acid.
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staining was seen throughout the bone matrix. In addi-
tion, positive staining within the vasculature was more 
intense, although this staining appeared smudged, 
which hindered identification of endothelium (Fig. 6g–
i). Although positive staining was observed in the nitric 
acid group, the staining intensity appeared diminished 
or was absent in some of the blood vessels. Further-
more, detail in cellular morphology was lost as nuclei 
staining was not visible in the endothelium and non-
specific background staining was observed (Fig. 6j–l). 
Table 3 shows the quality of antigen preservation in 
the rat tibiae after decalcification using the 12 different 
protocols.

A summary of the assessment of tissue and cell 
morphology as well as the preservation of antigenicity 
between the 12 decalcifying methods for mouse and 
rat tibiae is presented in Tables 2 and 3, respectively.

Discussion

The main goal of the present study was to compare 
the effect of four different decalcification solutions 
applied at three different temperatures and to assess 
the rate of decalcification and the implications it might 
have on the quality of tissue morphology and integrity 
of mouse and rat tibiae. Furthermore, the goal was to 
determine the best modality to monitor the exact end 
point of sample decalcification. Commonly used 
empirical methods, such as bend testing, prick testing 
with a needle, measuring the weight of the bone until 
it stops changing, or measuring the pH of the decalci-
fying solution, were found to be inconclusive, unreli-
able, and subjective.29,30 In contrast, microCT allows 
for damage-free precise assessment of bone decalci-
fication and helps to avoid overdecalcification, which 
can damage the specimen, resulting in poor histologi-
cal detail.31 The results of this study confirmed that 
microCT monitoring was the most accurate method to 
determine the decalcification end point in bone and 
were consistent within each group (n=3), having only 
minimal variation in completion times.

An extensive literature search failed to identify any 
publications regarding the decalcification times for 
mouse or rat tibiae using different decalcification 
protocols, but consistent with the current study, 
EDTA was found to decalcify bone slower than for-
mic and nitric acids.20,23,29 In addition, histological 
analysis confirmed that decalcification in 10% EDTA 
at 4C and 25C showed the best results regarding the 
preservation of cells, tissues, and antigenic-
ity.2,10,23,30,31 Similar findings were also reported in 
previous studies, where various decalcification solu-
tions were used to demineralize human mandibular 
bone and teeth,21,32 rat mandibular bone and teeth,24 

rat hind paw, fore paw, knee and column,22 and rat 
femur,10 confirming that the decalcification of miner-
alized tissues can be a time-consuming process, but 
is essential to ensure preservation of tissue quality. 
However, depending on the research question and 
the bone of interest, faster decalcification protocols 
could be considered.

To this end, the use of microwaves has become 
more popular over the last decade to reduce the decal-
cification time of bones, which is significantly faster 
compared with conventional methods. For example, 
Cunningham et  al.6 and Pitol et  al.1 demonstrated a 
significant reduction in the decalcification time from 
4–7 months to 3–6 weeks in human temporal bones 
and from 45 days to 48 hr in rat maxillary segments. 
Both of these studies indicated that tissue morphology 
and antigenicity were not negatively impacted by the 
increased temperature. Another key factor also signifi-
cantly influencing the decalcification time is the sample 
size.33 For instance, rat tibiae are 5 to 6 times bigger 
than mouse tibiae, and as the present study’s results 
showed, decalcification rates for rat tibiae on average 
were 11, 5.5, 2.5, and 1.5 times longer in 10% EDTA, 
10% formic acid, 5% hydrochloric acid, and 5% nitric 
acid, respectively. Consequently, the longer exposure 
time of rat tibiae to acid decalcification solutions 
affected the preservation of tissue quality more severely 
than mouse tibiae. When stained with H&E or Safranin 
O/Fast Green, mouse tibiae showed excellent staining 
results in formic acid, and mostly good results in hydro-
chloric and nitric acids, especially at 37C, which further 
shortened the exposure time to the acids used. In sam-
ples decalcified in hydrochloric or nitric acid, mainly cell 
nuclei showed minor signs of damage. By contrast, rat 
tibiae demonstrated good to excellent results only 
when decalcified in formic acid, but predominantly fair 
to poor outcomes of the samples when decalcified 
using hydrochloric or nitric acid. This was most evident 
in the cell nuclei of chondrocytes, which appeared pink 
in H&E and green in Safranin O/Fast Green stains, 
instead of dark blue. These results were in agreement 
with previous studies also demonstrating that strong 
acids degrade nucleic acids in the cell nuclei, thereby 
reducing the affinity for hematoxylin.2,34 In contrast, 
EDTA and formic acid–based agents were shown to 
improve the recovery of nucleic acid quantity and qual-
ity significantly when compared with strong acids, such 
as hydrochloric or nitric acid.35 It is important to note 
that at certain concentrations (>1 mM) EDTA were 
shown to deplete magnesium ions and thus inhibit 
DNA polymerase activity.36 However, to negate the 
inhibitory effects of EDTA, an additional Mg2+ ion con-
centration is always added to achieve sufficient PCR 
activity.
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Cartilage stained with Safranin O showed distinct 
differences in rat tibiae. When decalcified in EDTA, for-
mic acid, or nitric acid, the cartilage showed weaker 
staining at 37C. These findings complement the results 
of several other studies, confirming that both fixation 
and decalcification methods have been associated 
with proteoglycan and glycosaminoglycan deple-
tion4,26,27,32 reducing the staining intensity of Safranin 
O, which is directly proportional to the proteoglycan 
content in normal cartilage.37 Optimal fixation and 
decalcification conditions for cartilage-containing 
specimens should always be decided in a pilot study.33 
Microwave decalcification at 37C is known to acceler-
ate the decalcification rate1,38 and did not result in neg-
ative outcomes for mouse tibiae when acid solutions 
were used for decalcification. On the contrary, EDTA-
decalcified mouse and rat tibiae had a weaker uptake 
of Safranin O, and a partial loss of tissue integrity was 
observed at 37C. Adverse effects have also been 
reported for rat mandibles decalcified at 37C in 10% 
EDTA.24 Together, these findings indicate that decalci-
fication at 37C is a safe option for small samples such 
as mouse tibiae but might negatively affect the bone 
samples that require longer decalcification due to their 
larger size and is independent of the decalcification 
solution used.

Many studies investigating the development, injury, 
or disease of mineralized tissues are also interested in 
the localization of proteins by immunohistochemistry. 
Consequently, another important factor to consider 
when choosing a decalcification protocol is the preser-
vation of antigens. Good-quality immunohistochemis-
try staining can be a challenge given the special 
considerations bone processing requires.27,39 
Successful detection of antigens depends highly upon 
choosing the fixation and decalcification method opti-
mized for each specific epitope.39,40

Similar to the classic histological stains, immunohis-
tochemical evaluation of collagen type I, osterix, and 
vWF in mouse tibiae showed only minor adverse effects 
caused by either the decalcification solution or temper-
ature. Consistent with previous studies, overall antigen 
preservation was not compromised in EDTA at 4C and 
25C for both mice and rat tibiae.41 Furthermore, decal-
cification using a microwave (37C) showed comparable 
levels of tissue preservation and staining specificity. 
This was in agreement with previously published stud-
ies, reporting that decalcification of specimens in EDTA 
at higher temperatures (37C–45C) is possible, result-
ing in tissue morphology and antigenicity comparable 
to conventional conditions (4C and 25C).6,7,42 Targeted 
chelation of calcium by EDTA may be the reason why 
the effect on tissue antigenicity is minimal, regardless 
of the temperature.43 Decalcification by weak organic 

(formic) and stronger mineral acids (hydrochloric and 
nitric) produced mixed results regarding the preserva-
tion of the tested antigens. For instance, formic acid 
was previously reported to be acceptable for use by 
pathology and research labs, as it is able to decalcify 
bone much faster than EDTA without causing signifi-
cant damage to the tissue morphology or antigenic-
ity.8,44–46 Other studies have also indicated that fixation 
was one of the key factors for antigen preservation 
when decalcifying with formic acid.47,48 Some studies 
have reported acceptable results obtained with hydro-
chloric or nitric acid.10,22,26,44 In contrast, the findings 
from this study were in agreement with Neves et al., 
who found specific positive staining despite poor tissue 
morphology, and concluded that hydrochloric acid 
should be avoided for bone decalcification if preserva-
tion of bone matrix and antigenicity is desired.49 
Moreover, Athanasou et al. reported that sufficient fixa-
tion and controlled decalcification in hydrochloric and 
nitric acids had no negative effects on diagnostic mark-
ers, such as vWF or prostate-specific antigen.46 This 
was in contrast to the current study, which demon-
strated that decalcification in both hydrochloric and 
nitric acids, despite being carefully controlled, had par-
tially damaged tissue morphology and antigenicity, 
particularly in rat tibiae, even when decalcification 
times and exposure to acids were minimal.

The main limitation of this study was that only sev-
eral routinely used histological stains (H&E and 
Safranin O/Fast Green) and antibodies (collagen type 
I, osterix, and vWF) found in the literature were used to 
determine the preservation quality of tissue morphol-
ogy comparing different decalcification conditions of 
mouse and rat tibiae. It is possible that using the same 
decalcification conditions on different species, differ-
ent size bone samples, and other histological stains 
and antibodies, the results would be different. 
Phosphoproteins, for example, which were not tested 
in the current study, are known to be poorly preserved 
in clinical samples after fixation in 10% formalin or 4% 
PFA, and a majority is lost using standard demineral-
ization protocols.50,51 However, recent studies have 
shown that using Streck’s tissue fixative50 as well as a 
newly formulated decalcification solution51 called ther-
alin, which fixes and decalcifies mineralized tissue 
simultaneously, can significantly improve the preser-
vation of phosphoproteins. Consequently, when using 
different specimens or histological stains and antibod-
ies from the ones tested in the current study, the decal-
cification method should be carefully considered to 
avoid tissue damage. Therefore, it is recommended to 
perform a pilot study when using different antigens 
such as osteocalcin, collagen type II, alkaline phos-
phatase, and CD34, and histological stains such as 
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alcian blue and toluidine blue, to assess the antigenic-
ity and preservation quality of cartilage and bone mor-
phology under the desired decalcification conditions. 

In conclusion, this study demonstrated the impor-
tance of decalcification protocols taking into account 
the sample size and how this might affect the rate of 
decalcification, histological staining, and the antigens 
of interest if immunohistochemical localization of pro-
teins is required. If tissue and cell morphology are the 
focus of the study, 10% EDTA at 4C or 25C remains 
the best option. In case of time constraints, 10% formic 
acid at 4C might be a good alternative, having about 
90% faster decalcification time and good histological 
and immunohistochemical results, whereas hydrochlo-
ric and nitric acids should be avoided. If available, 
microCT should be used to determine the exact end 
point of decalcification, thereby ensuring easy section-
ing. It is important to note that scanning and analyzing 
BV by microCT to determine the end point of decalcifi-
cation is not necessary, as this can be efficiently 
achieved using a scout view scan. The findings from 
this study are very important, and should serve as a 
guideline for histological studies in research and 
pathology labs for similar size specimens. Furthermore, 
it will allow researchers to better understand the 
required times to decalcify bone using different solu-
tions and temperatures, and the implications it might 
have on tissue morphology and antigenicity.
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