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A B S T R A C T   

Glycocalyx is located outside the vascular endothelial cells playing an important role in vascular 
homeostasis. However, lacking efficient detection methods is one of the biggest obstacles to study 
the glycocalyx. In this study, three dehydration methods were used to compare the preservation 
of HUVEC, aorta and kidney glycocalyx by transmission electron microscope. The chemical pre- 
fixation was performed by lanthanum nitrate staining, and the mice aorta and renal glycocalyx 
were prepared by different dehydration methods such as ethanol gradient, acetone gradient and 
low temperature dehydration. HUVEC glycocalyx was prepared by acetone gradient and low 
temperature dehydration. Low temperature dehydration method preserves HUVEC and mice 
aortic glycocalyx completely, which had a certain thickness and presented a needle-like structure. 
But for mice kidney, the acetone gradient dehydration preparation method could better preserve 
the glycocalyx integrity than other two methods. In conclusion, low temperature dehydration 
method is suitable for HUVEC and aortic glycocalyx preservation, acetone gradient dehydration 
method is more suitable for kidney glycocalyx preservation.   

1. Introduction 

The endothelial glycocalyx is located outside the vascular endothelial cells between the blood and blood vessels [1–3]. Glycocalyx 
is a layer of villi-like polysaccharide protein complex structure, which is a dynamic natural barrier on the surface of endothelial cells 
[3–5]. Glycocalyx is a carbohydrate-rich layer present on the luminal surface of all endothelial cells and consists mainly of glyco
proteins and proteoglycans [5–7]. Proteoglycans are composed of core proteins (such as syndecan) and glycosaminoglycans (such as 
heparan sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate, and hyaluronic acid) [6,8–12]. The endothelial glycocalyx is 
mostly found on endothelial cells between the blood and the intima surface of the blood vessel. The endothelial glycocalyx plays an 
important role in maintaining vascular permeability, responding to mechanotransduction and conducting signal transduction [6,13]. 
In addition, glycocalyx also exists on the surface of kidney podocytes. The kidney glycocalyx structure is the basis for maintaining the 
structure of foot process and gap membrane [14–17]. Therefore, the glycocalyx has important physiological and pathological 
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significance, and better preservation glycocalyx complete structure is benefit for the study of various diseases. Vascular complications 
closely associate with glycocalyx degradation [6,13,18]. Glycocalyx injury leads to the increase of vascular permeability [19,20], 
which accelerate the formation of capillary leakage and edema [21], and lead to vascular endothelial dysfunction [22]. What’s more, 
the glycocalyx damage affects the leukocytes adhesion [23], thus increasing the sensitivity of vascular system to atherogenic stimu
lation [24,25]. Therefore, observation of intact glycocalyx is necessary for disease prediction. And optimization of sample preparation 
technology is very important for preservation of glycocalyx completely in vitro. There are many methods for dyeing and preservation of 
glycocalyx. One staining method is used for the staining both endothelial glycocalyx of large vessels and the staining of endothelial 
glycocalyx of microvessels, but the staining effect is not well satisfactory. So until now, it is not clear which method is more suitable for 
the staining of the endothelial glycocalyx of large vessels or microvessels. For example, Luft et al. [26] observed glycocalyx structures 
on rat mesenteric capillaries using Liao red staining and transmission electron microscopy. Dogne et al. [27] observed mice myocardial 
arteriole glycocalyx using alcian blue 8 GX staining and transmission electron microscopy. Ramnath and Oltean used Alcian blue to 
label the kidney glycocalyx [28]. Liu Zengbo et al. [29] observed mice glomerular glycocalyx by lanthanum nitrate staining and 
transmission electron microscopy. Barua D et al. used lanthanum to label glycocalyx of Xenopus gastrula tissues [30]. 

However, all these methods mentioned are based on the glycocalyx structural integrity. Because the glycocalyx structure is easily 
damaged and lost during fixation and staining procedures, the experimenter cannot observe the complete structure of the glycocalyx 
well. That has deeply troubled the research work of relevant scientific workers. Using intravital microscopy, Vink et al. [31] observed 
the endothelial glycocalyx of hamster cremaster muscle capillaries in vivo by an indirect method. However, intravital 
microscopy-based methods for estimating glycocalyx thickness are indirect. And intravital microscopy cannot be used to image the 
endothelial glycocalyx in larger vessels. With high resolution, electron microscopy can directly observe various glycocalyx forms. 
Therefore, it’s important to find proper ways to preserve the glycocalyx structure in staining process. Previous report pointed out that 
ethanol gradient dehydration can lead to glycocalyx water content decrease resulting in glycocalyx observed range reduction [32]. 
They propose that the intact structure of the glycocalyx can be preserved by rapid freezing/freeze substitution transmission electron 
microscopy. In the process of low temperature dehydration, ice crystals wouldn’t form to destroy the glycocalyx structure, and water 
content wouldn’t decrease in the tissue. The BAEC glycocalyx preserved by the traditional dehydration method with alcohol as a 
substitute was only 0.04 μm thick. But the BAEC glycocalyx dehydrated by acetone, using rapid freezing/freeze substitution, was more 
intact and the thickness was up to 11 μm [32]. Vonschack ML et al. believed that acetone was used as a substituent and the fixed 
method of freeze substitution could preserve fine cellular ultrastructure [33]. This is because glycocalyx was preserved in vitrified 
water (noncrystalline glassyice)，which was permited the glycocalyx and other hydrophilic cellular structures to remain configured as 
if alive [34]. Therefore, in this paper, HUVEC and mice aorta/kidney glycocalyx were chemically pre-fixed by lanthanum nitrate 
staining method, and then they were dehydrated by ethanol gradient, acetone gradient or low temperature dehydration method to 
observe the glycocalyx using transmission electron microscopy. The aim of this study is to explore the effects of different dehydration 
methods on the structural integrity of HUVEC/mice endothelial glycocalyx, so as to screen the best way to preserve glycocalyx in vitro. 

2. Materials and methods 

2.1. Main reagents and their preparation 

Lanthanum nitrate (GR, Macklin, China); sodium cacodylate (GR, Macklin, China); 50% glutaraldehyde (GR, Macklin, China); 
paraformaldehyde (GR, sinopharm, China). 

2% lanthanum nitrate perfusion solution (100 mL): 2 g of lanthanum nitrate + 100 mL of 0.2 mol/L sodium cacodylate-HCl buffer, 
adjust the pH to 7.1. 

2% lanthanum nitrate fixative solution (100 mL): 2 g of lanthanum nitrate + 5 mL of 50% glutaraldehyde solution + 2 g of 
paraformaldehyde + 100 mL of 0.2 mol/L sodium cacodylate-HCl buffer, adjust the pH value to 7.1. 

0.2 mol/L sodium cacodylate-HCl buffer (100 mL): 0.2 mol/L sodium cacodylate 25 mL + 0.2 mol/L HCl 2.1 mL + deionized water 
72.9 mL. 

2% lanthanum nitrate rinse solution (100 mL): 2 g of lanthanum nitrate + 100 mL of 0.2 mol/L sodium cacodylate-HCl buffer, 
adjust the pH to 7.1. 

2.2. Animal and groups 

Four male C57BL/6 J mice at 8 weeks of age, were purchased from SPF (Beijing) Biotechnology Co., LTD (Beijing, China). The 
animals were housed in an air-conditioned room at 23 ± 2 ◦C with a 12-h dark/light cycle. All animals unlimited access to food and 
water. All animals received human care in accordance with the recommendations of the National Institutes of Health Guide for Care 
and Use of Laboratory Animals, and the experiment scheme was approved by the Committee on the Ethics of Animal Experiments of 
Institute of Oceanology, Chinese Academy of Sciences. The IACUC approval number is CTEC-2021 (02–01). Four mice were used to 
compare the effects of different dehydration methods on glycocalyx preparation in vitro. Both the aortas and corticomedulary junction 
in kidney of the same healthy mice were divided into three equal parts. One part was dehydrated by gradient with ethanol, the second 
part was dehydrated by gradient with acetone, and the third part was dehydrated by freezing substitution method, other processing 
steps were the same. 
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2.3. Sample preparation method 

2.3.1. Chemical fixation 
The mice were anesthetized by intraperitoneal anesthesia, the right ventricle was bled, the left ventricle was perfused with 2% 

lanthanum nitrate perfusion solution at a flow rate of 1 mL/min until the kidneys became white, and then perfused with 2% lanthanum 
nitrate fixative solution. Then the mice aortic and kidney were collected. The mice aorta or kidney tissue, about 1 mm3 in size, was 
placed in lanthanum nitrate fixative. HUVEC was rinsed three times with PBS and fixed in 2% lanthanum nitrate fixative for 2 h. 

Then the specimens were rinsed 4 times, 15 min each time, with 2% lanthanum nitrate rinsing solution. Then the specimens were 
fixed with 1% osmic acid fixative solution for 2 h; and then the specimens were rinsed 4 times with 2% lanthanum nitrate rinsing 
solution for 15 min each time. 

2.3.2. Three different dehydration methods 

2.3.2.1. Ethanol gradient dehydration. After fixation, the specimens were dehydrated in gradients of 30%, 50%, 70%, 80%, 90% and 
100% ethanol, each gradient was dehydrated for 15 min. 

2.3.2.2. Acetone gradient dehydration. After fixation, the specimens were dehydrated by 30%, 50%, 70%, 80%, 90% and 100% 
acetone, each gradient was dehydrated for 15 min. 

2.3.2.3. Low temperature dehydration. After fixation, the specimens were dehydrated in freeze substitute（Leica EM AFS2）by 30% 
acetone for 15 min at 0 ◦C; Then the specimens were dehydrated by 50% acetone for 30 min, temperature drops from 0 ◦C to − 20 ◦C; At 
last, the specimens were dehydrated by 70%, 85%, 95%, and 100% acetone for 30 min each at − 20 ◦C. 

2.3.3. Embedding 
The specimens that using ethanol gradient dehydration were removed ethanol by using 100% ethanol:100% acetone (1:1) and 

twice 100% acetone for 15 min in each step. After dehydration, the specimens were soaked in 100% acetone: resin (Spon812, SPI, 
United States) = 2:1 at room temperature for 6 h; Then the specimens were soaked in 100% acetone: resin = 1:1 at room temperature 
for 6 h; Then the specimens were soaked in 100% acetone: resin = 1:2 at room temperature for 6 h; At last, the specimens were soaked 
twice in pure resin for 1.5 h each time at room temperature. Then, the specimens were placed in an embedded mold, transferred to an 
oven at 37 ◦C, 45 ◦C and 60 ◦C for 24 h in each temperature gradient. 

Fig. 1. Transmission electron microscopy images of the aortic glycocalyx in the same mice. A: Gradient dehydration with ethanol; B: Gradient 
dehydration with acetone; C: Using low temperature dehydration method; D: Glycocalyx depth covering the aorta endothelial cell surface quantified 
in electron microscopic images from healthy mice in three different dehydration methods. eGLX: endothelial glycocalyx. 
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2.3.4. Ultrathin sectioning and staining 
The ultrathin microtome (Leica, UC7, Germany) was semi-thinly positioned to the vascular area, and the ultrathin section was 70 

nm; The samples were then stained with 2% uranyl acetate-lead citrate double staining; transmission electron microscopy (Hitachi, 
HT7700, Japan) was used for samples observation and image acquisition. 

2.4. Cell culture and sample preparation 

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from American Type Culture Collection. Cells were cultured in 
DMEM (Hyclone, Cytiva, China) with 10% fetal bovine serum (ExCell Bio, Jiangsu, China) at 37 ◦C with 5% CO2. 

HUVEC glycocalyx samples were prepared by acetone gradient dehydration and low temperature dehydration. For details, see 1.3. 

2.5. Immunofluorescence 

WGA (Wheat Germ Agglutinin) specifically binds N-acetylglucosamine and N-acetylneuraminic acid, and has been used in many 
studies to label glycocalyx [35–37]. The mouse kidney/aorta were incubated in WGA (Wheat Germ Agglutinin-iFluor 488, AAT 
Bioquest) and DAPI（Beijing Solarbio Science & Technology Co., Ltd.）. Images were taken on a Leica Mica confocalmicroscope 
(Biomark Biology, China). 

HUVEC cells were cultured in confocal dishes (NEST Biotechnology, Jiangsu, China), blocked by BSA (Yeasen, Shanghai, China.), 
incubated in WGA (Wheat Germ Agglutinin-iFluor 488, AAT Bioquest), DIL (Beijing Solarbio Science & Technology Co., Ltd.) and DAPI 
（Beijing Solarbio Science & Technology Co., Ltd.）. Images were taken on a Carl Zeiss LSM 710 confocal microscope (Carl Zeiss, Jena, 
Germany). 

2.6. Glycocalyx depth calculation 

Image J was used to calculate that the depth of the “substance” outside endothelial cells which was the glycocalyx depth. These are 
shown by orange lines in Fig. 1C and 2A. 

2.7. Statistical analysis 

Statistical analyses were performed by GraphPad Prism version 9.0 (GraphPad software, United States). Each experiment was 
repeated three times and all the original data were showed as mean ± SEM. One-way analysis of variance and repeated-measures 

Fig. 2. Transmission electron microscope images of mice glomerular glycocalyx. A: Using ethanol gradient dehydration method; B: Using acetone 
gradient dehydration method; C: Using low temperature dehydration method; D: Glycocalyx depth covering the podocyte quantified in electron 
microscopic images from healthy mice in three different dehydration methods eGLX: endothelial glycocalyx; GBM: glomerular basement membrane; 
pGLX: podocyte glycocalyx. 
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analysis of variance followed by the LSD multiple comparison test were used for comparisons of multiple groups. Values of p < 0.05 
were considered statistically significant. 

3. Results 

3.1. Effects of different dehydration methods on the aortic endothelial cells glycocalyx structure in mice 

The aorta of the same healthy mice was divided into three equal parts, one part was dehydrated by gradient with ethanol (Fig. 1A), 
the second part was dehydrated by gradient with acetone (Fig. 1B), the third part was dehydrated by low temperature dehydration 
method (Fig. 1C), and the other processing steps were the same. The transmission electron microscope picture is shown in Fig. 1. The 
results showed that the mice aortic endothelial cells dehydrated by ethanol (Fig. 1A) had a layer of glycocalyx attached to the outside, 
the distribution was sparse, and the structure was loose; the mice aortic endothelial cells dehydrated with acetone (Fig. 1B) had a layer 
of glycocalyx attached to the outside, the glycocalyx layer is clear, well-preserved, and closely arranged. It can be seen that the 
glycocalyx layer extending outward presents a needle-like structure. And the endothelial cells of the mice aorta dehydrated by the low 
temperature dehydration method (Fig. 1C) had a clear structure, plump shape, obvious organelles in the cell matrix, the glycocalyx 
layer was evenly distributed on the outside of the cell membrane, the preservation was relatively complete, and the glycocalyx has a 
certain thickness. After magnification, it can be seen that the glycocalyx presents a needle-like structure. In the mice aorta using the 
acetone gradient dehydration method (Fig. 1B), the endothelial cells structure is complete, the organelles in the cell matrix are blurred, 
and most of the glycocalyx layer outside the cell membrane was dropped (Fig. 1B), and the distribution is uneven. Scattered needle-like 
glycocalyx structures can be seen around. As shown in Fig. 1B, the glycocalyx layer is thin and difficult to distinguish and the needle- 
like structures are not obvious after magnification. However, for the aorta, low temperature dehydration and acetone gradient 
dehydration yielded greater glycocalyx depth than ethanol gradient dehydration (Fig. 1D). The endothelial glycocalyx depth in mice 
aorta was about 45 nm with conventional ethanol gradient dehydration, while the endothelial glycocalyx depth in mice aorta was 
nearly 60 nm with acetone gradient dehydration and low temperature dehydration (Fig. 1D). However, the “needle-like” structure of 
the glycocalyx of aorta in mice preserved by dehydration at low temperature was more obvious (Fig. 1C). And the coverage rate of 
aorta glycocalyx obtained by different dehydration methods were 100%. In conclusion, low temperature dehydration can better 
preserve the fine structure of glycocalyx in mice aorta. 

3.2. Effects of different dehydration methods on the glomerular glycocalyx structure in mice 

Mice kidney was dissected, and the corticomedulary junction was taken and divided into three parts for ultra-thin section prep
aration. One part was dehydrated by ethanol gradient (Fig. 2A), the second part was dehydrated by acetone gradient (Fig. 2B); and the 
third part was dehydrated by low temperature (Fig. C). Foot process glycocalyx locating the glomerular basement membrane was 
observed and captured by transmission electron microscope (Fig. 2). The results showed that most of the glycocalyx structures 
dehydrated by gradient dehydration with ethanol fell off, and the distribution was uneven. However, the glycocalyx dehydrated by 
gradient dehydration with acetone had uniform distribution and clear structure. Therefore, in the subsequent freezing replacement 
process, acetone was selected as the replacement reagent. Glycocalyx was partially dropped outside the podocyte of the mice 
glomerulus dehydrated with acetone gradient (Fig. 2B), but the glycocalyx layer and the needle-like structure of the glycocalyx could 
be clearly observed after magnification. Using the low temperature dehydration method, the glycocalyx outside the podocyte of the 
mice glomerulus (Fig. 2C) was mostly dropped, and the needle-like structure was not obvious after magnification. The glycocalyx 

Fig. 3. Transmission electron microscope images of HUVEC glycocalyx. A: Using low temperature dehydration method; B: Using acetone gradient 
dehydration method; C: Glycocalyx depth covering the HUVEC quantified in electron microscopic images in different dehydration methods. eGLX: 
endothelial glycocalyx. 
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depth obtained by the three dehydration methods were measured, and the results are shown in Fig. 2D. The three dehydration methods 
had no significant differences on the glycocalyx depth. For the kidney, low temperature dehydration was greater than the podocyte 
glycocalyx depth obtained by acetone gradient dehydration and ethanol gradient preparation. The podocyte glycocalyx depth in mice 
kidney was about 20 nm with conventional ethanol and acetone gradient dehydration, while the endothelial glycocalyx depth in mice 
aorta was nearly 30 nm with low temperature dehydration (Fig. 2D). However, the error bars for kidney glycocalyx depth obtained by 
low temperature dehydration were larger. This suggests that low temperature dehydration kidney podocyte glycocalyx samples is 
heterogeneous. Only partially long and complete glycocalyx was present (Fig. 2. C). In addition, the coverage rate of kidney glycocalyx 
obtained by different dehydration methods were 100%. 

3.3. Effects of different dehydration methods on the HUVEC glycocalyx structure 

Based on the results of animal experiments, we further compared the effect of acetone gradient dehydration and low temperature 
dehydration on the preservation of endothelial glycocalyx structure in cellular level. Normally cultured HUVEC cells are divided into 
two parts, one part was dehydrated by low temperature dehydration method (Fig. 3A), the second part was dehydrated by gradient 
with acetone (Fig. 3B), and the other processing steps were the same. The glycocalyx structure of HUVEC obtained by gradient 
dehydration with acetone was not clear, while the glycocalyx structure of HUVEC obtained by low temperature dehydration showed 
obvious needle-like structure. The glycocalyx depths obtained by the two dehydration methods were measured, and the results are 
shown in Fig. 3C. The results indicated that the two dehydration methods had no significant differences on the glycocalyx depth. 
However, for the HUVEC, the glycocalyx depth was greater in low temperature dehydration method than those in acetone gradient 
dehydration method. The HUVEC glycocalyx depth was about 50 nm with low temperature dehydration, but glycocalyx depth was 
only 40 nm deep in acetone gradient dehydration method (Fig. 3C). Therefore, the results indicated low temperature dehydration can 
better preserve the glycocalyx structure of HUVEC. In addition, the coverage rate of HUVEC glycocalyx obtained by different dehy
dration methods was 100%. 

3.4. Immunofluorescence images of glycocalyx 

Currently, WGA (Wheat Germ Agglutinin) is commonly used as a marker for glycocalyx. Glycocalyx was obtained by conventional 
chemical fixation/ethanol gradient dehydration (Fig. 4). The outermost green color represents the labeled glycocalyx layer. The results 
showed that normal HUVEC (Fig. 4 E), mouse kidney (Fig. 4C–D) and aorta (Fig. 4A–B) all had complete and clear glycocalyx layer. 

Fig. 4. Immunofluorescence images of glycocalyx. A, B: Immunofluorescence images of mice aorta glycocalyx; Fig. 4B is a higher magnification of 4 
A. C, D: Immunofluorescence images of mice kidney glycocalyx; Fig. 4D is a higher magnification of 4.C. E: Immunofluorescence images of HUVEC 
glycocalyx. Green: WGA (Wheat Germ Agglutinin), blue: DAPI, red: Dil. eGLX: endothelial glycocalyx. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Glycocalyx is located outside the vascular endothelial cells playing an important role in vascular homeostasis. The complete 
preservation of glycocalyx in vitro and the optimization sample preparation technology are very important for study glycocalyx and 
glycocalyx related disease. At present, there are various methods to observe the glycocalyx structure, but they all have limitations [6]. 
Ruthenium red staining combined with glutaraldehyde/osmic acid fixation is a classical method used in early TEM [38]. However, this 
method has its limitations: on the one hand, ruthenium red is a macromolecular substance, and it cannot completely enter the entire 
glycocalyx layer to make it colored; On the other hand, the electrostatic interaction between ruthenium red on the surface of the cell 
membrane and the glycocalyx side chain can change the spatial geometry of the glycocalyx [39]. Haldenby et al. [40] studied the small 
molecular weight Achine blue (alcianblue) instead of ruthenium red was used to study the thickness of glycocalyx in rabbit arterial 
system. The measurements ranged from 45 nm to 80 nm, and the size of the glycocalyx in the thoracic aorta was about 60 nm. Chappell 
et al. [41] compared the TEM results of glycocalyx on the surface of umbilical vein endothelial cells under perfusion fixed and 
immersing-fixed methods, and found that the presence of glycocalyx could not be observed in TEM images obtained under immersion 
fixation. In contrast, perfusion fixation has more advantages. Fluorescence microscopy has optical limitations, and it is far from 
sufficient to fully demonstrate the geometrical characteristics of glycocalyx [42]. The measurement of glycocalyx size by side-flow 
dark field imaging is limited to the microcirculation system [43]. Due to the superiority of resolution, transmission electron micro
scopy plays an important role in the study of glycocalyx. However, in the process of conventional fixation and dehydration, the 
glycocalyx structure would inevitably be destroyed. Therefore, it is necessary to explore a more suitable method for the observation of 
glycocalyx. 

At present, chemical fixation/ethanol gradient dehydration is usually used for the preservation of glycocalyx. It can be seen from 
Figs. 1 and 2 that for the aorta and kidney glycocalyx in mice, under the same conditions as other treatments, the glycocalyx pres
ervation by acetone gradient dehydration is better than that of ethanol gradient dehydration. The reason may be that ethanol is more 
polar than acetone, so ethanol causes tissue water content decrease too quickly, which is not conducive to the preservation of fine 
structure. Acetone dehydration is gentler and can better preserve fine structures such as glycocalyx. Also acetone dehydration steps are 
less than ethanol dehydration, and acetone is miscible with resin. This enables acetone dehydration better preserve the glycocalyx 
structure. For the preservation of the aorta glycocalyx, the low temperature dehydration method can better preserve the villi-like 
glycocalyx structure. The glycocalyx has a complete shape, a clear structure, and can clearly reflect the details of the glycocalyx 
structure. Comparing the electron microscope results of the other two dehydration methods, the low temperature dehydration method 
can retain the glycocalyx structure to a great extent, reduce the deformation, and make the structure clear, reflect the glycocalyx 
ultrastructure more truly. This may be because low temperature dehydration can better retain the glycocalyx tissue moisture and 
reduce damage to the glycocalyx structure during the sample preparation process. 

However, low temperature dehydration is not ideal for the preservation of the glycocalyx structure in mice kidney samples, which 
may be due to low temperature dehydration requires smaller sample size. The large size of the kidney tissue and the insufficient 
penetration of organic solvents during the low temperature dehydration process increase the sample preparation difficulty. Thus the 
preservation of the glycocalyx is incomplete and affects the observations [44]. Therefore, when using low temperature dehydration for 
kidney glycocalyx sample preparation, it can be considered to cut the tissue block smaller to facilitate penetration. In addition, while 
aldehydes such as formaldehyde or glutaraldehyde preserve the structure of the sample, they would cause cross-linking between the 
glycocalyx various components, which has a certain compression effect on the glycocalyx and distorts the glycocalyx structure [32,45]. 
E.E. Ebong et al. [32] obtained images of the thickness of the glycocalyx on the surface of bovine thoracic aortic endothelial cells 
(BAEC) with a thickness of about 11 μm under the premise of preserving the hydration structure of the glycocalyx by rapid freezing 
replacement transmission electron microscopy. This suggests that high-pressure freezing/freezing substitution are worthy consider
ation for the glycocalyx samples preparation. However, high-pressure freezing/freezing substitution also have disadvantages. The 
pressure damage in physical fixation and the requirement for the thickness of the sample will cause the sample to crack, break or lose 
[46]. In addition, high-pressure freezing/freezing substitution requires on-site sampling, high requirements for sample preparation, 
and expensive and less instruments, which is not conducive to many experiments be conducted. However, we adopt the chemical 
fixation-freezing method, which reduces the requirements for material collection and sample preparation. As the samples are fixed, 
they can be stored and mailed, which greatly saves costs and resources, and makes the experiment more universal. Also, the three 
methods of dehydration did not affect the glycocalyx depth (Figs. 1–4) and coverage (Figss. 1–4) in healthy mice, but the method of low 
temperature dehydration could better preserve the fine structure of the glycocalyx (Figss. 1–3). This may be because the glycos
aminoglycans that make up the glycocalyx will not be decomposed and dropped due to the water content decrease, but the structure 
will not collapse due to the rapid water content decrease during the dehydration process. In addition, in the study of Sophie Dogné 
et al. [27], the thickness of the myocardial arterioles glycocalyx in healthy mice was approximately 40 nm; In our experiment, the 
thickness of the aortic glycocalyx of healthy mice is about 50 nm by using low temperature dehydration method. And Raina D. 
Ramnath et al. [47] and Sebastian Oltean et al. [28] found that healthy mice kidney glycocalyx depth is about 25 nm. In our 
experiment, when we used low temperature dehydration method treating mice kindy, we also find the thickness of the kindy gly
cocalyx of healthy mice is about 25 nm. Therefore, low temperature dehydration method is worth to consider used for mice aorta 
glycocalyx preservation. 

According to our TEM results, the glycocalyx coverage of HUVEC/kidney/aorta was 100% (Figs. 1–3). We used WGA to label the 
glycocalyx of HUVEC, mouse kidney/aorta, and although we used the traditional method of ethanol dehydration, the glycocalyx basis 
was left intact with 100% coverage. These results demonstrated complete glycocalyx coverage on a larger scale (Fig. 4). This indicated 
that dehydration mode did not affect the coverage of glycocalyx, but affected the depth and fine structure of glycocalyx. Preservation 
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of fine structure of glycocalyx is the biggest advantage of low temperature dehydration over ethanol gradient dehydration and acetone 
gradient dehydration. 

Therefore, we believe that low temperature dehydration is a good choice for TEM sample preparation for the large blood vessel 
glycocalyx represented by the aorta glycocalyx and cells cultured in vitro. In the microvascular glycocalyx represented by the renal 
glycocalyx, in this experiment, the dehydration method replaced by acetone was better. However, if the tissue can be better penetrated, 
low temperature dehydration is also worth considering. 

5. Conclusion 

Mice aorta and kidney glycocalyx was pre-chemical fixated by lanthanum nitrate staining, dehydrated through different methods 
such as ethanol gradient, acetone gradient and low temperature dehydration. The experimental results show that, for aorta glycocalyx, 
the sample preparation by low temperature dehydration is better than acetone gradient dehydration and ethanol gradient dehydration. 
For kidney glycocalyx, acetone gradient dehydration is better than ethanol gradient dehydration and low temperature dehydration. 
For the in vitro glycocalyx represented by HUVEC, the low temperature dehydration method was superior to acetone gradient 
dehydration and ethanol gradient dehydration. In a word, low temperature dehydration method is suitable for macrovascular gly
cocalyx (such as aortic glycocalyx) and in vitro cell (HUVEC) preservation and acetone gradient dehydration method is more suitable 
for microvascular glycocalyx (such as kidney glycocalyx) preservation. In addition, our study provided an optional, practical, 
convenient and convenient method for preparing glycocalyx samples, which greatly saved costs and resources, and makes the 
experiment more universal. 
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