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Cell surface glycoprotein complexes, commonly known as glycocalyx, are structures that have 
been suggested to be involved in a multitude of tissue specific functions including hydration, 
structural support, filtration and protection against pathogens [1]. In the gastrointestinal tract, 
membrane-anchored fibrous glycoproteins composed primarily of mucins, a family of high 
molecular weight-heavily glycosylated proteins, come together to form the intestinal glycocalyx. 
Previous studies have implied that this enteric cell surface organization help establish a physical 
barrier that segregates the lumen of the intestine from the host in addition to acting as a molecular 
filter [2]. How glycocalyx molecular architecture relates to its proposed functions remains elusive 
due to the challenge in preserving the large-size mucin molecules and in visualizing the complex. 
Traditional scanning and transmission electron microscopy techniques do not preserve the delicate, 
hydrated structure of the intestinal glycocalyx. Further, conventional heavy metal stains do not 
effectively bind to mucins. Here, we performed freeze-etch electron microscopy on murine small 
intestine enterocytes along with electron tomography to examine the structural details of intestinal 
glycocalyx. 
 
Mouse small intestine tissues were dissected out and underwent fixation, cryoprotection and rapid 
freeze using a slam freezer or were slam frozen with brief water rinses without fixation and 
cryoprotection. Both sets of samples were then freeze-etched and rotary shadowed with platinum. 
The resulting replicas were imaged using a 200 kV JEOL 2100 equipped with a Gatan Orius 
camera using DigitalMicrograph (Gatan) and SerialEM [3]. IMOD software suite [4] was used for 
tomogram reconstruction. Image cropping, rotation and brightness-contrast adjustments were 
performed with FIJI.  
 
Freeze-etch replicas of mouse small intestine revealed the detailed structure at the apical surfaces 
of enterocytes (Fig. 1). We observed that enterocyte microvilli that form the brush border show 
extensive lateral crosslinking and exhibit hexagonal packing. At the plasma membrane at the distal 
end of individual microvillus, multiple columnar filamentous glycoproteins emerge and have 
substantial side-to-side interactions along their length over and across the surface of enterocytes 
through branching and anastomosis, creating a dense meshwork. These interactions were observed 
in both fixed and unfixed samples. Most strikingly was our observation on how the glycocalyx 
filament termini showed resistance to water sublimation during the etching process, revealing a 
well-ordered filament termini organization that displayed liquid and local hexagonal packing. This 
sublimation resistant effect may be associated with heavy sugar modifications at mucin termini. 
 
The microvilli, the columnar glycocalyx filaments and the terminal cover net arrange into a 
stratified but highly integrated transcellular organization that traverses the intestinal epithelium. 
The top cover net and the underlying dense meshwork work together to create a size exclusion 



filter, in addition, heavy glycosylation makes intestinal glycocalyx layer negatively charged, 
providing charge selectivity. While all three layers exhibit regular structural organization, Fourier 
analysis shows a degree of liquid packing, indicating there is flexibility in the structure. Taken 
together, our findings lay out a new structural framework for understanding how the microvilli-
glycocalyx complex is organized and provide clues to how the structure and its components enable 
the molecular filter function.  
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Figure 1. Intestinal glycocalyx at the apical surfaces of enterocytes viewed by freeze-etching of 
adult mouse small intestine. The enterocyte microvilli and membrane-anchored glycocalyx 
filaments form a stratified transcellular organization.  The tips of the glycocalyx arrange into an 
ordered cover net T, underneath the glycocalyx filaments G form a dense meshwork that emerges 
from the tips of enterocyte microvilli M. Scale bar is 200 nm 
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