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Basic Research Article

Introduction

Today there is unanimity on the use of toluidine blue stain-
ing as a standard procedure for the histological assessment 
of chondrogenic differentiated cells and cartilaginous tissue 
maturity and quality. Toluidine blue is a cationic dye that 
visualizes the presence of proteoglycans in a tissue because 
of its high affinity for the sulfate groups of proteoglycans.1 
For example, if a preparation of hyaline articular cartilage is 
staining with toluidine blue, the coloring would be blue cell 
nuclei, light blue cytoplasm, and pink or purple extracellu-
lar matrix.2 Metachromasia is a phenomenon in which 
anionic polymerized intermolecular bonds of high charge 
density facilitate cationic dye-dye interactions, which result 
in large spectral shifts.3-5 The degree of metachromatic 
color depends on the anionic radicals increasing in the order 
carboxylate, phosphate, and sulfate and when the intermo-
lecular bond distance is brought closer.4,5 Conversely, 
orthochromatic is the opposite phenomenon where no rela-
tive color change is observed when bound to tissue sub-
stances.5 We and other investigators have often stated that 
chondrogenesis, or the presence of cartilaginous matrix, 

may be demonstrated by the occurrence of metachromatic 
staining with toluidine blue. However, we have also empha-
sized that such a statement is only valid if the detailed pro-
cedure, or a reference to the relevant technical protocol, is 
also provided. This is because staining selectivity and inten-
sity might depend on, for example, dye concentration, pH 
of the staining solution, staining time, and use of dehydra-
tion. In the present study, to justify this critical stance, we 
demonstrate that pH of the staining solution, the use of 
dehydration, and time influence the specificity and intensity 
of toluidine blue and the metachromatic staining of chon-
drogenesis in vitro and cartilaginous matrix in vivo.
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Abstract
Objectives. Staining with toluidine blue is a well-established procedure for the histological assessment of cartilaginous- and 
chondrogenic-differentiated tissues. Being a cationic dye, toluidine blue staining visualizes proteoglycans in a tissue because 
of its high affinity for the sulfate groups in proteoglycans. It is generally accepted that metachromatic staining with toluidine 
blue represents cartilaginous matrix and that the degree of positive staining corresponds with the amount of proteoglycans. 
Design. Articular cartilage and pellets of chondrocytes or bone marrow stromal cells were analyzed with a standardized 
staining procedure for toluidine blue. Results. In the present study, we illustrate why such an assumption is invalid unless a 
detailed description of the procedure and/or reference to a detailed published method are provided. This is because the 
staining specificity and intensity depend, as we have shown, on the pH of the staining solution, the use of dehydration, and 
on staining time. Conclusions. We can, therefore, suggest a well-controlled standardized protocol for toluidine blue staining, 
which provides an easy and simple selective staining technique for the assessment of cartilage tissue and proteoglycan 
development in chondrogenic differentiation. If this procedure is not used, then investigators must provide sufficient 
technical information concerning the staining protocol to allow an assessment of the validity of the staining results.
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Methods

Biopsies of articular cartilage were taken from the knee of 
Göttingen minipigs (GM) and fixed in 70% ethanol or 4% 
formaldehyde.6 The GM biopsies were collected in com-
pliance with the Danish Law on Animal Experimentation 
and approved by the Danish Ministry of Justice Ethical 
Committee (J.nr. 2012-15-2934-00301). Pellets were 
established by culturing human articular chondrocytes or 
bone marrow stromal cells (BMSCs) for 28 days in 
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 100 nM dexamethasone, 50 µg/mL L-ascorbic 
acid 2-phosphate, 40 µg/mL L-proline, 1 mM sodium 
pyruvate, 1% ITS+, and 10 ng/mL TGFβ3. Chondrocytes 
were isolated as previously described.7 BMSCs were iso-
lated from bone marrow aspirate using Ficoll-Hypaque 
centrifugation and cultured on plastic for 14 days in 
DMEM with 10% FCS prior to pellet culture. Bone mar-
row aspirate was harvested after written consent was 
obtained and protocol approved by the local ethics com-
mittee under the Danish National Committee on Health 
Research Ethics (#M-2082134). The samples were dehy-
drated through the graded ethanol (70% to 96% v/v), 
cleared in 2-isopropanol, and xylene prior to infiltration 
with methyl methacrylate at 4°C. Embedding in polymeth-
ylmethacrylate (MMA) was performed with N,N-dimethyl-
p-tulidine as an activator at −20°C. Sections of 7 µm were 
cut using a microtome (Richtert Jung polycot). Sections 
were stained with the standardized staining procedure for 
toluidine blue according to Figure 1B. Toluidine blue and 
tissue morphology were analyzed using a Zeiss AX10 
microscope equipped with a digital color camera (Axiocam 
506 color Zeiss). For enzymatic depletion of matrix, pro-
tease (Sigma-Aldrich, P6911) was used for 30 minutes at 
room temperature prior to the standardized staining proce-
dure for toluidine blue.

Results

Histochemical evaluation compares the effects of dehydra-
tion, fixation, and pH on the staining of toluidine blue in 
knee joint tissue. In general, metachromatic color is more 
dominant at pH 4 compared with pH 7. However, the meta-
chromatic staining is hidden under the orthochromatic blue 
color at pH 7. The influence of dehydration is visualized 
with metachromasia seen being increased after dehydration. 
In sections stained at pH 4 and then dehydrated, the articu-
lar cartilage stains strongly pink (metachromasia). There 
was no obvious difference in staining efficacy when using 
different fixatives (Fig. 1A). Enzymatic depletion of articu-
lar cartilage matrix (Fig. 1C) visualizes the differences in 
staining intensity of toluidine blue at pH 4. The matrix 
structure is depleted and there is no basis for metachromatic 
staining as indicated with dehydration.

Figure 2A shows the influence of dehydration on tolu-
idine blue staining of cartilaginous matrix in tissue sections 
and in chondrogenically differentiated cells in pellet cul-
ture. Again, alcoholic dehydration selectively removed 
orthochromatic (blue) stain, thus enhancing the visibility 
of metachromatically stained substrates. The alcohol-labile 
orthochromatic color was removed and alcohol-stable 
metachromatic color enhanced. Especially, the periphery 
of the pellet visualizes the influence of dehydration. 
Additionally, reducing the staining time also made the 
metachromatic staining of cartilaginous and differentiated 
tissue more obvious, as shown in Figure 2B.

Histologic evaluations using toluidine blue of the tissue 
and cell morphology is often used as a surrogate marker for 
differentiation and development. In Figure 2B, toluidine 
blue staining of a pellet culture of chondrocytes and BMSCs 
demonstrates the importance of also assessing the tissue 
morphology because only few cells would be categorized as 
chondrocytes. We observed no architectural tissue morphol-
ogy identical to articular cartilage but the cells localized in 
the pellets were nevertheless able to synthesis and secrete 
proteoglycans since metachromasia were observed.

Discussion

In this short communication, we emphasize the importance 
of reporting the detailed procedure of the toluidine blue 
staining used for evaluating the presence of proteoglycans in 
sections of cartilaginous tissue and pellet culture of chondro-
cytes or BMSCs. Technical information, or references to the 
specific histochemical staining procedure used, is rarely pro-
vided in published work. Because of its widespread applica-
tion for visualization of proteoglycans, we, therefore, found 
it useful to highlight technically important steps involved 
when using toluidine blue in order to increase the validity of 
the result obtained. Under the right circumstances, toluidine 
blue is a highly selective dye for detecting proteoglycans 
since the cationic dye requires a flexible anionic polymer-
ized macromolecular structure with a high charge density in 
order to stain metachromatically. We have shown the impor-
tance of documenting the pH when evaluating metachroma-
sia and found that in cases where metachromasia is 
overshadowed by the monomeric orthochromatic (blue 
color) acidic pH adjustments can reduce the orthochromatic 
effect and enhance the metachromatic color. This supports 
Singers early work concluding that: “the availability of bind-
ing sites directs function of the solution environment, nota-
bly pH.”5 By lowering the pH toluidine blue decreased the 
affinity for proteins and reducing backing staining.

Two fixatives were compared: formaldehyde and etha-
nol. There was no difference to see in the staining outcome, 
and both showed the same responses adjusting the pH. 
Metachromasia is obtained when the staining survives alco-
hol dehydration before mounting indicating irreversible 
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staining.8 Sylvén and Kramer both argued that dehydrating 
the sections of interest in alcohol after staining was the only 
way to ensure the “true” metachromasia.4,8 Whereas Pearse 
distinguished between 2 staining techniques, the alcohol 
stable and labile metachromasia, but advocated wet section 
analysis.9 We have demonstrated the importance of dehy-
dration and staining time through the removal of alcohol-
labile staining and saturated staining. Especially, Figure 1C 
shows how interpretations based on staining intensity can 
be misleading without the presence of dehydration. There is 

no single standard procedure; we used graded alcohol and 
stained for 2 minutes, others have used acetone and differ-
ent staining times.10-15 In this study, we demonstrate that 
0.05% w/v toluidine blue at pH 4 for 2 minutes following 
dehydration differentiates glycosaminoglycans and proteo-
glycans by metachromasia staining of cartilage tissue and 
that proteoglycan development can be seen in morphologi-
cally undifferentiated tissue by use of well-controlled tolu-
idine blue staining procedure. There is no doubt that if the 
staining is used under the right circumstances, not strongly 

Figure. 1.  (A) Representative images showing toluidine blue staining of the joint tissue. Panels compare effects of fixation, 
dehydration, and pH. Sections were stained for 2 minutes. Scale bars 1 mm. (B) Standardized staining procedure modified from 
Kramer and Windrum.8 Nonstandard technical variants: Another staining time 10 minutes and another staining pH 7 were 
investigated, in both cases with all other steps held constant. (C) Representative images showing toluidine blue staining of enzymatic 
depleted cartilage tissue. The panel compares effect of dehydration with no dehydration. Fixation was 70% ethanol and sections were 
stained at pH 4 for 2 minutes. Scale bars 100 µm.
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Figure. 2. R epresentative images showing toluidine blue staining of sections of cartilage and of pelleted cells. (A) Panels compare 
effects of dehydration with no dehydration. Fixation was with 70% ethanol and sections were stained at pH 4 for 2 minutes. Scale bars 
50 µm. (B) Panels compare 2 staining times. Fixation was in 70% ethanol, and sections were stained at pH 4 for 2 and 10 minutes. 
Scale bars: 200 µm for articular cartilage and 50 µm for pellets.
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orthochromatic, then this is an easy and simple differential 
staining technique for the assessment of chondrogenic dif-
ferentiation. Therefore, we believe it is important to inform 
the detailed staining procedure in order to justify the result 
obtained.
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