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Abstract 

The endothelial glycocalyx is a hair-like surface layer mainly consisted of glycosaminoglycans 
(GAGs) that includes heparan sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA) and 
its bearing core proteins (syndecan, glypican, and perlecan). This mini review presents the 
visualization and measurement techniques of the endothelial glycocalyx up to now, providing 
insight to the diagnosis, treatment, and protection of the cardiovascular disease. 
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Introduction 
The endothelial glycocalyx is a hair-like surface 

layer mainly consisted of glycosaminoglycans (GAGs) 
that includes heparan sulfate (HS), chondroitin sulfate 
(CS), and hyaluronic acid (HA) and its bearing core 
proteins (syndecan, glypican, and perlecan) [1, 2]. Due 
to its special location, the endothelial glycocalyx plays 
important roles in mechanotransduction, the 
regulation of vascular permeability, the rheological 
behavior of the microcirculation, and the adhesion of 
blood cells to the endothelium. The perturbation of 
the endothelial glycocalyx will be directly responsible 
for several pathophysiological sequelae such as 
diabetes [3], ischemia/reperfusion injury [4], 
atherosclerosis [5], and sepsis [6]. Usually, the 
structure of glycocalyx was observed after enzymatic 
treatment to underlie the functional modifications [7]. 
The present review focused on the reliable 
visualization and measurement techniques that could 
be used to determine the structure of the endothelial 
glycocalyx, as outlined in table 1, which covers the 
transmission electron microscopy (TEM), intravital 
microscopy (IM), microparticle image velocimetry 

(µ-PIV), orthogonal polarization spectral imaging 
(OPS), side-stream dark field imaging (SDF), confocal 
laser scanning microscopy (CLSM), and two-photon 
laser scanning microscopy (TPLSM).  

 

Table 1 The visualization and measurement techniques of the 
endothelial glycocalyx (GCX) 

GCX visualization and measurement 
techniques 

In vivo/in 
vitro/ex vivo 

Direct/ 
indirect 

References 

Transmission electron microscopy 
(TEM) 

In vitro Direct  [8-14] 

Intravital microscopy (IM) In vivo Indirect  [15-18] 
Microparticle image velocimetry 
(µ-PIV) 

ex vivo Indirect [19, 20] 

Orthogonal polarization spectral 
imaging (OPS) 

In vivo Indirect [21] 

Side-stream dark field imaging (SDF) In vivo Indirect [22] 
Confocal laser scanning microscopy 
(CLSM) 

In vitro Direct [23-25] 

Two-photon laser scanning 
microscopy (TPLSM) 

ex vivo Direct [26, 27] 
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Transmission electron microscopy (TEM) 
Since the first image of the endothelial 

glycocalyx was obtained by TEM [8], this technique 
has been developed in the dye selection, the sample 
fixation methods, and the dehydration. Ruthenium 
red staining in combination with glutaraldehyde/ 
osmium tetroxide fixation has been widely used in the 
early stage [9]. However, the staining has its own 
limitation [10]. For example, ruthenium red may not 
have access to the whole glycocalyx layer due to its 
relatively large molecular size. Moreover, ruthenium 
red may change the geometry of the glycocalyx by 
electrostatic effects. In order to overcome these 
limitations, Haldenby and coworkers [11] tried alcian 
blue, a smaller molecule, in measuring the thickness 
of the endothelial glycocalyx on the surface of the 
rabbit thoracic aorta. The results showed a thickness 
of about 60 nm, which was better than the results of 20 
nm obtain by ruthenium red staining. In addition to 
the dye selection, the sample fixation should be 
another factor affecting the dimensional 
quantification of endothelial glycocalyx. Chappell et 
al. [12] quantified the thickness of the human 
umbilical vein endothelial cell glycocalyx under both 
perfusion-fixed and immersion-fixed conditions. They 
found that perfusion fixation by supplement with 
plasma protein was better in maintaining the 
structure stability of the dynamic glycocalyx. On the 
contrary, the glycocalyx was absent by immersion 
fixation. More recently, Ebong et al. [13] imaged the 
bovine aortic endothelial glycocalyx in vitro by rapid 
freezing/freeze substitution transmission electron 
microscopy, taking advantage of the high spatial 
resolution of the TEM and the capability to preserve 
the hydrated configuration of the glycocalyx (GCX). 
The thickness obtained was approximate 11 µm, 
which was better than the 0.04 µm from the 
conventional TEM. It should be noted that even the 
most recently developed preparation and staining 
techniques may have side effects on the delicate 
surface structures of the endothelial glycocalyx, and 
TEM cannot obtain the dimensional results in vivo 
[14].  

Intravital microscopy (IM) 
The conventional IM was based on the binding 

of fluorescently labelled lectins to polysaccharide side 
chains of the glycoproteins and proteoglycans [15]. 
Measurement of fluorescence intensity allows a 
semi-quantification of the endothelial glycocalyx. 
However, due to optical limitations of IM, the 
fluorescence could not outline the entire glycocalyx to 
allow a precise measurement of its geometry [16]. 
Vink and Duling [17] took advantage of an alternative 

approach to label the flowing plasma by FITC-dextran 
and identify plasma exclusion. The results 
demonstrated the existence of a continuous 
glycocalyx with a thickness of about 0.4-0.5 µm in 
capillaries of the hamster cremaster by subtracting the 
width of the labelled plasma column from the 
anatomical diameter. More recently, Kataoka et al. [18] 
investigated the binding ability of different FITC 
labelled lectins including Dolichos biflorus agglutinin, 
Canavalia ensiformis agglutinin, Arachis hypogaea 
(Peanut) agglutinin, Ricinus communis agglutinin, 
Ulex europaeus agglutinin, Glycine max (soybean) 
agglutinin, Triticum vulgaris (wheat germ) agglutinin 
to the endothelial glycocalyx and found that 
FITC-wheat germ agglutinin (FITC-WGA) was the 
best to label the glycocalyx in vivo compared with 
other lectins. In all, IM was mostly used in 
microvessels (no larger than 15µm) that are thin and 
transparent to observe the flowing blood cells, and the 
dimensional prediction of the endothelial glycocalyx 
was indirect.  

Microparticle image velocimetry (µ-PIV) 
In order to enhance the spatial resolution of IM, 

Damiano and colleagues [19] tried to measuring the 
velocity profiles in the red cell-depleted plasma layer 
near the endothelial lining in mouse cremaster muscle 
venules by using µ-PIV. The key point of this 
technology should be the fluorescent particle 
selection, and a linear regression analysis was 
performed on the µ-PIV data. The distance from the 
vessel wall where the linear regression extrapolated to 
zero velocity was taken as the glycocalyx thickness. 
Based on a detailed three dimensional analysis of the 
local fluid dynamics, they estimated a thickness of 
about 500 nm for an impermeable endothelial surface 
layer. By using the same µ-PIV technique, Potter et al. 
[20] showed a hydrodynamically relevant endothelial 
glycocalyx observed in microvessels in vivo (0.52 ± 
0.28 µm thickness) was absent from human umbilical 
vein (0.03 ± 0.04 µm thickness) and bovine aortic (0.02 
± 0.04 µm thickness) endothelial cells maintained 
under standard cell culture conditions in vitro. In light 
of these findings, previous results and conclusions 
drawn from cultured endothelial cells in vitro in the 
areas of mechnotransduction, permeability, 
inflammation, and pathology should be carefully 
reconsidered.  

Orthogonal polarization spectral imaging 
(OPS) and side-stream dark field imaging 
(SDF) 

The novel imaging techniques developed for 
microcirculation glycocalyx visualization are OPS and 
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SDF. The former is based on a linear theory model 
that could be described as follows. In brief, 
endothelial glycocalyx limits the movement of red 
blood cells to the vessel wall. In contrast, white blood 
cells which are more rigid compress the endothelial 
glycocalyx as they pass through the lumen. Hence, 
there is a transient “widening” of the red blood cells 
following the white blood cell passage. The 
glycocalyx thickness was determined as the width 
change of the red blood cells divided by 2. This OPS 
technique has been used successfully in sublingual 
microvascular glycocalyx measurement in 24 healthy 
men volunteers [21]. In order to obtain clear images of 
the endothelial glycocalyx, SDF was developed to 
detect much deeper microvessels [22]. Nevertheless, 
both the OPS and SDF could be only used to measure 
the endothelial glycocalyx limited to the 
microcirculation. Moreover, the thickness prediction 
was indirect as well.  

Confocal laser scanning microscopy 
(CLSM)  

For the artery endothelial glycocalyx 
visualization and measurement, CLSM and TPLSM 
have the advantages in optical sectioning, high 
resolution, and three-dimensional reconstruction. The 
endothelial glycocalyx could be labeled by several 
approaches, mostly using fluorescent probe attached 
lectins which could bind the glycosaminoglycan 
chains. Other labels include antibodies specific for 
core protein backbones such as syndecan and HS, CS 
or HA then combined with a respective fluorescently 
labeled secondary antibody [23]. It should be noted 
that CLSM is not suitable for imaging of the arterial 
glycocalyx directly since the resolution decreased 
significantly at higher depths (>40 µm) due to 
increased scattering of signal when light penetrated 
into the arterial wall [24]. In order to overcome this 
limitation, Kang et al. [25] tried cryosection of the 
blood vessel to 5-6 µm slices then labeled the 
cross-sections with WGA-FITC, realizing the 
visualization and quantification of the endothelial 
glycocalyx by CLSM.  

Two-photon laser scanning microscopy 
(TPLSM) 

Another promising technique suitable for 
visualize the arterial glycocalyx directly is TPLSM 
which used long wavelength red photons to excite the 
fluorophore instead of the blue photon as used in 
conventional fluorescence excitation [26]. In this 
manner, the scattering could be reduced, and hence, 
the penetration depth could be increased. Moreover, 
since the consequent fluorescence only occurs at the 

focal point of the illumination core, the bleaching and 
phototoxicity is just limited to this focal position and 
the resolution is kept through the whole depth. By 
using TPLSM, Megens et al. [27] imaged the mouse 
carotid arterial glycocalyx ex vivo and measured the 
thickness of endothelial glycocalyx that was about 
4.5±1.0 μm.  

In summary, both TEM and CLSM need sample 
fixation to keep its original structure, which may 
compress or distort the configuration of the 
glycocalyx to some extent. Barker et al. used lectin to 
label the live human umbilical vein endothelial cells 
cultured in vitro without fixation and observed the 
glycocalyx in CLSM successfully, which suggests 
developing live cell or tissue glycocalyx probes may 
be a promising direction in future study. IM, µ-PIV, 
OPS and SDF predict the thickness of the endothelial 
glycocalyx indirectly and are limited to the 
microcirculation. In contrast, TPLSM with its 
enhanced penetration depth, good resolution, and 
low phototoxicity, may be a promising tool in directly 
visualizing the glycocalyx in larger arteries, both in 
vivo and ex vivo.  
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