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Abstract: The glycocalyx is a brush-like layer that covers the surfaces of the membranes of most cell
types. It consists of a mixture of carbohydrates, mainly glycoproteins and proteoglycans. Due to its
structure and sensitivity to environmental conditions, it represents a complicated object to investigate.
Here, we review studies of the glycocalyx conducted using scanning probe microscopy approaches.
This includes imaging techniques as well as the measurement of nanomechanical properties. The
nanomechanics of the glycocalyx is particularly important since it is widely present on the surfaces of
mechanosensitive cells such as endothelial cells. An overview of problems with the interpretation
of indirect data via the use of analytical models is presented. Special insight is given into changes
in glycocalyx properties during pathological processes. The biological background and alternative
research methods are briefly covered.
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1. Introduction

Living cells are in constant dynamic equilibrium with their environment. In this
regard, the regulation of their interaction with the environment is an important task.
Many components are involved in this regulation, with the glycocalyx being one of the
most important. The glycocalyx covers most types of cells in the human body, including
endothelial and epithelial cells, fibroblasts, and others. The glycocalyx serves a variety
of functions depending on the cell type, including protecting the cell from mechanical
damage, regulating cell adhesion and signaling, and participating in cell recognition and
immune response. The structure and thickness of the glycocalyx can also vary between
different cell phenotypes, reflecting their specific roles and functions. Since the discovery
of the glycocalyx using transmission electron microscopy in the 1960s [1], interest in its
structure and function has steadily grown.

The functions of the glycocalyx are determined by the complexity of its structure.
Today, it is known to be a brush-like network of carbohydrates attached to membrane
proteins on the cell surface. The transmission of biomechanical and biochemical stimuli
into the cell is carried out with the help of transmembrane proteins that bind the glycocalyx
and the near-membrane space inside the cell, called the cortex [2].

The glycocalyx is hydrophilic, which helps it to retain water molecules around the cell
membrane and mediates many of its functions, and this trait certainly prevents the cell from
drying out. The main components of the glycocalyx are glycoproteins and proteoglycans.
Glycoproteins contain highly branched short carbohydrate side chains capped with sialic
acids that are covalently attached to core proteins. Charged and highly branched carbo-
hydrate chains regulate cells and the adhesion of proteins to the cell membrane. On the
contrary, proteoglycans are decorated with long unbranched glycosaminoglycans (GAGs),
such as heparan sulfate, chondroitin sulfate, and hyaluronic acid [3]. The GAGs of the
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glycocalyx are known to be predominantly negatively charged and, with the exception of
hyaluronan, are covalently associated with the plasma membrane.

The components are distributed in the glycocalyx in an extremely heterogeneous
manner [4]. Two layers can be distinguished in terms of thickness and are enriched with
various GAGs. There is also significant variation from the edges of the cell to the central
part. Relatively recently, the ultrastructural organization of the endothelial glycocalyx and
its relationship with the actin cytoskeleton were established. The dominant motif in it
turned out to be a quasiperiodic structure comprising a hexagonal lattice with a distance of
20 nm between the core proteins, anchored in cellular structures that each have a diameter
of about 10 nm; without taking into account the chains of polysaccharides and GAGs that
form bushy structures, the latter form a typical step of 20 nm [5]. It is hypothesized that this
lattice of ordered glycocalyx fibers can function as a molecular sieve. It should be noted
that the glycocalyx is a very dynamic structure, and variations in the ionic strength, pH,
and compositions of the cations lead to conformational rearrangements of the glycocalyx
polymers and changes in their interactions.

The reported glycocalyx thickness varies from 200 nm to several microns [6]. Such
a wide range is associated with a significant difference in the thickness of the glycoca-
lyx for different cell types, locations in different organs and tissues of the body, and the
measurement methods. Following the pioneering work of Luft [1], transmission electron
microscopy (TEM) became a powerful instrument in the study of the glycocalyx. Different
preservation and staining techniques, as well as cryomethods, have been developed [7-10].
The glycocalyx can be imaged via fluorescent or confocal microscopy using fluorescently
labeled lectins or specific antibodies that are active against individual glycocalyx compo-
nents [11]. High-resolution optical methods like STORM enable us to visualize the thin
structure of the glycocalyx [12].

All of these studies make it clear that all sample preparations have significant influence
on the measured characteristics, so the best way to study the glycocalyx is using unmodified
cells under in vitro or ex vivo conditions. Scanning probe microscopy has long been
successfully used under these conditions to study cells and individual macromolecules.
Recently, ex vivo approaches using SPM have been introduced [13]. These not only can be
used in imaging, but also provide unique information on the nanomechanical properties of
the glycocalyx. Since Sun et al. [14] first pointed out the role of glycocalyx properties in
observed “tethers” structures during atomic force spectroscopy experiments, a number of
relevant papers concerning glycocalyx nanomechanics have appeared. Here, we present a
review of the wide range of scanning probe microscopic methods that can be applied to the
study of the glycocalyx under different conditions.

Given the variation in the glycocalyx’s functions and importance, it is not surprising
that it is involved in a number of pathological processes. The glycocalyx has a direct
relationship with endothelial dysfunction since it is involved in the regulation of NO
production [15]. The degradation of the glycocalyx layer leads to increased cell permeability
and the overtransport of water and macromolecules into the cell cytoplasm. It was shown
that in rat myocardial capillaries, hyaluronidase treatment instantly results in myocardial
tissue edema [16]. The glycocalyx is involved in the processes of tumor progression
and metastasis due to its barrier function, role in growth factor storage, cell adhesion,
signaling, and mechanotransduction [17-19]. We therefore aim to provide particular
insight into investigations using the glycocalyx as a diagnostic or therapeutic target using
SPM techniques.

2. Variations in the Structures and Functions of the Glycocalyx for Different
Cell Phenotypes

The endothelial cells of blood vessels have a particularly thick glycocalyx layer com-
pared to other cell types due to the endothelial glycocalyx playing a crucial role in vascular
regulation (mechanotransduction, control of vascular tone, and the regulation of vascular
permeability), preventing the adhesion of blood cells and platelets to the endothelium [20].
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The thickness of the endothelial glycocalyx is different throughout the vascular bed: it
extends from 0.2 to 0.5 um in capillaries and venules, to 2-3 pm in small arteries, and to
4.5 ym in conductance arteries [21]. The glycocalyx thickness differs in veins and arteries:
it varies between 20 and 400 nm in veins and is around 500 nm in arteries on average,
reaching up to 4.5 um in the carotid artery [22]. A dynamic equilibrium is established
on the surfaces of endothelial cells, which determines the thickness of the glycocalyx: a
balance is achieved between the removal of its components via the blood flow due to shear
stress on the endothelial cells, the intensity of the production of structural elements by
cellular machines, and the attachment of glycosaminoglycans to the membranes of the
endothelial cells.

The endothelial glycocalyx consists of glycoproteins (selectins, integrins), proteogly-
cans (principally syndecans and glypicans), and glycosaminoglycan (GAG) [23]. Heparan
sulphate proteoglycans account for 50-90% of the total amount of endothelial proteogly-
cans [21]. Most interactions between syndecans and extracellular matrix molecules, cell
adhesion molecules, and growth factors may be mediated by the electrostatic interactions
of their heparan sulphate chains. Both heparan sulphate (HS) and chondroitin sulphate
(CS) carry negatively charged sulphate groups and are covalently linked to transmembrane
proteoglycans. The negative charge of the glycocalyx determines its interaction with the
plasma components, repelling negatively charged molecules, as well as erythrocytes and
platelets. Hyaluronan HA binds to the endothelial surface receptor CD44, providing the
filtering properties of the glycocalyx molecular sieve [24], or intercalates throughout the
glycocalyx, thereby contributing to hydration and viscosity [25].

Compared to the cardiac and pulmonary capillaries, cerebral capillaries have a thicker
endothelial glycocalyx layer, which is better preserved following lipopolysaccharide (LPS)
administration. The surface charges of the brain endothelial cells are more negative than
those of other vascular endothelial cells. Compared to those in the lung and heart, the
denser structure of the glycocalyx of the brain capillaries is associated with endothelial
protection and may be an important component of the blood-brain barrier [26]. The
area physically covered by the glycocalyx within the lumen of the cerebral capillaries is
significantly larger than in the cardiac and pulmonary capillaries (40.1 £ 4.5% compared to
15.1 £ 3.7% and 3.7 & 0.3%, respectively) [9].

Transmission electron microscopy showed an amorphously structured glycocalyx
along the endothelial surface of both vein and lymphatic samples. The venous glycocalyx-
like structure was thicker than that in human lymphatic samples (mean values of 66 + 18
compared to 49 + 11). Immunohistochemistry identified glycocalyx structures of glypican-
1, mucin-2, agrin, and brevican (a proteoglycan of the peri-synaptic extracellular matrix) in
human venous and lymphatic samples. Podoplanin was only detected in the lymphatic
samples. Mucin-2 prevents defects in the intercellular junctions, a feature associated with
the known functions of the lymphatic system in extracellular fluid homeostasis [22].

Epithelial cells, which are found in the tissues that line the body surface and cavities,
also have a glycocalyx layer, although it is generally thinner than that in the endothelial
cells. The glycocalyx helps to protect the epithelium from mechanical stress, provides
a barrier function, and facilitates cell-cell adhesion. In epithelial cells, the glycocalyx
consists of glycoproteins, proteoglycans, glycolipids, and mucins [27-29]. Mucins are
glycoproteins with bulky O-linked glycan attachments that influence integrin function
and cell signaling. The general functions of mucins on internal epithelial surfaces are to
remove microorganisms and supply protective barriers. The thickness of the glycocalyx in
epithelial cells typically ranges from 20 to 200 nm [7].

Conjunctival epithelial and corneal cells contain complex glycocalyx-enriched trans-
membrane mucins, proteoglycans, and glycosphingolipids [30]. Transmembrane mucins
(MUC16) extend 500 nm from the plasma membrane, above other molecules present on the
glycocalyx, thereby providing a physical barrier and masking receptors via steric hindrance.
In the epithelial glycocalyx, MUC16 is reinforced by galectin-3, a multimerizing lectin that
causes the carbohydrate-dependent crosslinking of transmembrane mucins. The ocular
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surface exposes host molecules that act as decoy receptors, impeding pathogen adhesion
and the initiation of signaling cascades.

Neurons and muscle cells may also have a thin glycocalyx layer that participates in
cell signaling and communication. The glycocalyx in neurons also includes glycoproteins,
proteoglycans, and glycolipids. These molecules may play a role in cell adhesion, synaptic
transmission, and cell signaling. The glycocalyces on the surface of neurons may interact
with extracellular matrix molecules and other cell adhesion molecules to support proper
synaptic connectivity and plasticity [31]. Their head groups protrude toward the extracel-
lular space, significantly contributing to the cell glycocalyx, and in certain cells, such as
neurons, they are major determinants of the features of the cell surface [32].

Most blood cells also have a specific glycocalyx on their surfaces [33-36] that is much
thinner than in other cell types (5-30 nm). In immune cells, the glycocalyx is involved
in cell adhesion, migration, and interactions with other immune cells. In platelets, the
glycocalyx is involved in platelet adhesion, aggregation, and clot formation.

We have discussed the glycocalyces of the main tissue types: epithelial (including
endothelium), connective, muscle, and nervous. The composition and structure of the
glycocalyx can vary depending on the cell phenotype and its specific functions and can be
modulated in response to various stimuli, such as inflammation or disease conditions.

3. Principles of Scanning Probe Microscopy Techniques

Scanning probe microscopy was invented in 1981 and represents a powerful instru-
ment of materials science [37]. The introduction of the atomic force microscope (AFM) [38]
allowed researchers to spread SPM techniques to biological samples. For this technique, the
measuring element is a microcantilever, which is an ultra-precise force sensor. The sharp tip
on the free cantilever end interacts with the surface and causes cantilever deflection, which
can be measured via the readout system. Different signals, along with the topography, can
be obtained to characterize the local adhesive, elastic, electrical, and magnetic properties of
the samples. AFM makes it possible to study the surfaces of samples in both air and liquid,
which is especially important for investigating biological objects [39]. Semicontact or non-
contact modes are usually used for investigating biological samples due to their smaller
impacts on the surface. These modes have more complex requirements to operate in liquid
due to the viscosity effect on the resonant oscillations of the cantilever. As technologies
develop, new techniques that are better suited to such delicate objects are emerging, such as
peak force microscopy and ringing mode or scanning ion conductance microscopy (SICM).
The peak force and ringing modes are subresonant tapping modes that are more oriented to
the study of the adhesive, viscous, and elastic characteristics of samples. SICM is suitable
for the investigation of biological samples in physiological liquid conditions based on its
operating principle [40]. More careful consideration of SPM principles is beyond the scope
of this review.

4. Sanning Probe Microscopy Imaging of the Glycocalyx

The glycocalyx is such a complex object that it is almost impossible to obtain its
topography using common methods. Back in 1994, ref. [41] suggested that the presence of
glycocalyx complexified the obtainment of a sub-micrometer resolution of the membrane
surface for fixed and alive cells in an aqueous medium, with the sugar chains moving under
the AFM tip during scanning. The authors used different enzyme treatments to partly
degrade the glycocalyx. The best results were obtained with neuraminidase (30 mU/mL),
which allowed the capture of 10-60 nm protein particles on the membrane surface. In [42],
the authors visualized chitosan oligosaccharides (COS), which can bind to negatively
charged glycocalyces on the surfaces of HUVEC cells, by means of electrostatic interaction.
Moreover, in the topography signal, COS modification did not result in any differences
in comparison to the untreated samples. Only in the lateral deflection signal, which is
associated with the friction between the tip and surface, were COS-induced alterations
at the cellular surface detected, indicating a modification of the endothelial glycocalyx.
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The applied loading force was minimal, suggesting that the increased friction was not
related to a change in morphology, but rather to locally restricted alterations in the charge
distribution at the outer cellular surface.

In [43], the authors used AFM for the visualization of changes in the surface of PC12
cells before and after enzymatic glycocalyx digestion (Figure 1). Imaging was performed in
peak force mode within 24 h after fixation, increasing the risk of artefacts. Therefore, AFM
was only used for visual illustration of the alteration of the glycocalyx structure, which
correlated with the effects, as measured via other quantified methods. The peak force mode
is based on the recording approach and retraction curves in each scanning point and thus
represents an extension of the force spectroscopy method in the mapping format [44]. Due
to the exceptional sensitivity of the microcantilever to force exertion, it becomes possible to
distinguish between different regions in the surface deformation and highlight individual
layers with pronounced elasticity.

PC12 cell
SR -~ Digested GC 281.5nm
(AFM image)

=-226.2nm =-226.2nm

Figure 1. AFM images of PC12 cells obtained in peak force tapping mode. Left: surface of native
PC12 cells; right: surface of PC12 cells after enzymatic removal of glycocalyx. Modified from [43].

The most promising regime of AFM for glycocalyx visualization is the “ringing”
mode [45]. In this mode, cantilever damping oscillations (ringing signal) occurring after it
disconnects from the sample surface in sub-resonance modes, such as peak-force tapping or
force-volume, are under inspection. The processing of this signal provides up to five new
channels of information. Among them, there is a disconnection distance that corresponds
to the cantilever displacement when the last molecules, which are slightly adhered to the
cantilever tip, are disconnected, and provides information regarding their length. The
authors introduce the mapping of the disconnection distance in comparison to the height
image of human melanoma cells obtained in the ringing and peak force tapping modes
(Figure 2). Since the glycocalyx has the nature of a floating molecule network on the cell
surface, it is very exciting to associate the patch structures observed on the cell surface with
glycoproteins and glycosaccharides of similar heights.
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Figure 2. Distribution of (a) disconnection distance obtained in new AFM ringing mode and (b) height
signal simultaneously recorded in peak force tapping mode on A375 human melanoma skin epithelial
cells. Taken from [45] under Creative Commons license.

5. The Study of Glycocalyx Nanomechanics Using AFM Techniques

The Young’s modulus of the glycocalyx differs significantly from that of the cell cortex.
Thus, atomic force microscopy is widely used for investigations of the nanomechanical
properties of the glycocalyx. Using this method, the cantilever tip indents the surface of a
sample with a sharp or colloidal sphere probe. The force-distance curve builds the raw
data (Figure 3). The application of atomic force microscopy for quantifying the mechanical
properties of the endothelial glycocalyx was very clearly demonstrated in video format
in [46].

AFM nanomechanic measurements allow us to not only obtain the glycocalyx stiffness
but also evaluate the layer thickness. For this purpose, the obtained force curves should
be analyzed analytically. Several models to interpret the force-distance curves have been
developed in the literature. These models use different approaches to determine the
structure and nature of the glycocalyx. One of the most simplified models represents the
glycocalyx as a mechanical spring [47,48]. In this case, the glycocalyx’s response to tip
indentation could be described using Hook’s law: F (x) = kx, where the proportionality
coefficient k shows the glycocalyx stiffness. The key point is that the linear fit is determined
for the initial part of the force curve from the contact point to the point of inflection, which
is assumed by controlling the fitting factor R?.

Another approach uses contact mechanics that resemble the Hertz model of cell
elasticity [49]. The Hertz model assumes the linear elasticity of the material. The applied
force required to indent the cell body to the depth d is given by the following expression:

4
F=2Ey, /R pd? 1)

where R is the affective radius of a tip and a cell, E, = ELI'Z, and Eg, and v are the Young's

modulus and Poisson’s ratio of the glycocalyx, respeétii/zely. One can perform separate
fitting of the force curve using a contact mechanics model for the initial soft glycocalyx layer
and the more rigid cell cortex. However, the selection of the point of inflection remains
arbitrary.

A more complex double-layered model approximates a cell covered with the glyco-
calyx as two layers with different Young’s moduli and a transition zone with a gradient

change in elasticity [50]. The reduced modulus of the system becomes
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where Egj, and E and vg and v, are the Young’s moduli and Poisson’s ratios of the
glycocalyx and cell, respectively; R is the effective radius; Ty, is the thickness of the
glycocalyx layer; and P, n, m, Bs, and B are the constants determined from finite element
fits. By fitting the experimental force curves, we can calculate the glycocalyx and cell
stiffnesses and the glycocalyx layer thickness.

One of the most complex glycocalyx models, based on its polymer brush nature, was
suggested by Sokolov et al. [51]. It uses the Alexander—de Gennes theory of polymer brush
compression [52]. The model takes into account the simultaneous squeezing of the brush
and the deformation of the cell body. The brush has two fitting parameters: the grafting
density N and the brush length L, which describe the applied force as a function of the tip
position:

F(h) ~ 100ky TRN®/2L.¢~27T )

where kg is the Boltzmann constant, T is the temperature, and R is the effective curvature
radius of a tip and a cell. The model could be used with regard to the limits of applicability,
namely 0.1 < /L < 0.8. This model was verified by the authors in many publications [53,54].
It was shown in [55] that, in contrast to the Hertz model, in the “brush” model, the elastic
properties of the cell do not depend on the depth of indentation. Thus, the cell mechanics
could be described using the effective Young’s modulus in a self-consistent way when
the glycocalyx is considered to be a brush-like polymer structure. Further development
of the model occurs upon highlighting two parts of the pericellular layer: the inner and
outer sublayers [56]. The first one could be associated with membrane corrugations and
protrusions, while the second one corresponds to the glycocalyx itself. The double-brush
model allows us to separate the contributions of both sublayers, as well as the cell body, in
the force curves.

In [57], the authors compared the models described in the same series of the experi-
ments. They used the HAEC cell line, grown in a vascular cell basal medium supplemented
with an endothelial cell growth kit. To modify the glycocalyx, heparinase-heparin treatment
was used. Force indentation curves were obtained using a colloidal probe for untreated,
heparinase-treated cells, and cells additionally treated with heparin. Then, the data were
analyzed using four different models of the glycocalyx layer. The authors concluded that all
of the models used showed consistent and qualitatively compatible results. The glycocalyx
layer became shorter and stiffer after heparinase treatment, with the values partly being
restored after heparin addition. On the other hand, the quantitative estimates showed
slightly different values that were sometimes difficult to compare due to the features of
the models. So, it is necessary to keep in mind all the assumptions and approximations in
order to apply any of the models.

In [58], the authors also studied alterations in glycocalyx stiffness after treatment with
a number of enzymes, heparinase I and III and hyaluronidase, via atomic force microscopy.
The bovine lung microvascular endothelial cell (BLMEC) monolayer, cultured in vitro,
was under investigation. A cantilever with a 18-micrometer glass microsphere was used
not only for indentation but also for scanning the cell monolayer and assigning different
regions in the layer morphology, that is, cell junctions or the cell nucleus’ location. During
indentation, the authors observed a rapid increase in the Young’s modulus following the
initial, almost plateaued segment. After enzyme digestion, the modulus increased more
rapidly at smaller indentations. This effect was significantly stronger at the cell junctions
and almost negligible at the nuclei region. To demonstrate the influence of the underlying
cell structures on the measured stiffness, cytochalasin D was used to disrupt the actin
filaments. In this case, the Young’s moduli increased much more slowly after the first
200-nanometer region.
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Figure 3. (A) Principal of atomic force nanoindentation technique for determination of glycocalyx
nanomechanical properties; (B) example of obtained force curve with (1) and without (2) glycocalyx.
Region I corresponds to glycocalyx layer while region II to cell body; (C) Definition of geometrical
parameters. Taken from [57] with permission.

This corresponds to the results obtained by Ke Bai and Wen Wang [59]. They inves-
tigated not only the spatial heterogeneity but also the temporal development of the en-
dothelial glycocalyx on HUVEC cells. The AFM indentation data showed that the Young'’s
modulus of the cell membrane decreases over time from approximately 3 kPa on day 1 to
approx. 0.3 kPa on day 14 of cultivation and beyond. Treatment with the neuraminidase
enzyme significantly slows down and reduces the magnitude of the effect more than 6-fold.
This point shows that the glycocalyx only fully develops after two weeks of cultivation.
Moreover, the stiffness first decreases at the edge of the cell and then in the apical part. The
results obtained were in good agreement with confocal imaging experiments.

Marta Targosz-Korecka and co-authors [60] investigated the morphological and
nanomechanical changes in endothelial cells under stress conditions caused by either
hydrodynamic flow or scanning with a colloidal probe. They showed that applied mechan-
ical stress affects both the shape and polarization of the cells and their stiffness. Culturing
HAEC cells in the flow condition for 48 h at a shear stress of 1.6 Pa causes the cells to have
spindle-like shapes, with the main axis oriented in the flow direction (Figure 4A,B). The
authors also observed the stiffening of the glycocalyx layer, while the thickness was almost
the same (Figure 4C,D). This indicates that the glycocalyx apparently becomes denser
under the flow conditions. Another picture was observed after scanning the cell surface
with a colloidal probe in contact mode. The thickness of the layer decreased, while the
Young’s modulus increased. The effect of scanning was similar to that of the treatment
of endothelial cells with heparinase I; therefore, it can be concluded that the layer was
damaged by the probe motion.
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Figure 4. Comparison between morphological and nanomechanical properties of endothelial cells
grown in static and flow conditions. (A,B) AFM images of cells, (C) glycocalyx stiffness, and
(D) glycocalyx thickness. Statistics: (#) different at p = 0.05, (ns) non-significant. Modified from [60].

6. Examples of the Application of Nanomechanics to Studying the Glycocalyx
in Pathophysiology

The glycocalyx plays a significant role in the signaling pathways of endothelium NO
regulation. It is known that the degradation of the glycocalyx layer leads to a dramatic
reduction in NO production by endothelial cells. However, the specific components of the
endothelial glycocalyx involved in this response are not clearly established. The authors
of [61] used an AFM cantilever tip modified with specific antibodies to selectively pull
individual proteoglycans or glycosaminoglycans and detect changes in intracellular NO
production. A sharp pyramidal tip was used to measure the adhesion forces of individual
molecules, while tipless cantilevers were used to engage a potentially large area in the
activation of NO production. In contrast, to measure the Young’s modulus, the retractive
portion of the force curve was used. The mean adhesion forces for glypican-1, syndecan-1,
CD44, heparan sulfate, and hyaluronic acid occurred in the range of 100-300 pN. The AFM
pulling of glypican-1 and heparan sulfate for 10 min caused significantly increased NO
production, whereas pulling on syndecan-1, CD44, and hyaluronic acid and with control
probes did not (Figure 5).
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Figure 5. Alterations in NO production by rat fat pad endothelial cells after selective 10 min of pulling
on the different components of the glycocalyx using the AFM probe. Right: scheme of cantilever
functionalization. Statictics: (*) p < 0.05 compared to paired unstimulated regions Modified from [61].

The degradation of the glycocalyx and stiffening of the endothelium are important
pathophysiological components of endothelial dysfunction. In [62], the authors studied
these phenomena in tandem with diabetes by means of AFM nanoindentation. Nanoin-
dentation experiments were performed using a colloidal spherical probe with a nominal
diameter of 4.5 um attached to the cantilever. Experiments were carried out ex vivo on pre-
pared aorta samples resected from a descending thoracic fragment. The authors developed
and verified a protocol to classify the obtained force curves into two types: regions that
covered and not covered by the glycocalyx. This classification allowed significant hetero-
geneity in glycocalyx coverage at both the cellular and subcellular levels. The glycocalyx
parameters (i.e., glycocalyx length and effective glycocalyx coverage) were obtained from
indentation curves using the brush model proposed by Sokolov et al. [54]. The mean brush
length of the glycocalyx was L = (674 £ 13) nm for the non-diabetic control mice. The
authors also observed strong glycocalyx degradation in the diabetic mice. Interestingly,
the endothelial stiffening and glycocalyx loss were present in early diabetes and remained
similar at advanced stages, while the shrinking of the remaining glycocalyx correlated
with diabetes progression (Figure 6). The authors note the importance of the preliminary
classification of force indentation data before further fitting analysis.

Anne Wiesinger et al. [47] investigated the decrease in endothelial glycocalyx thick-
ness and stiffness in experimental sepsis conditions using the atomic force microscopy
(AFM) nanoindentation technique. A triangular cantilever with a 10 pm polystyrene sphere
was used as a nanomechanical probe. Furthermore, 8- to 14-week-old male Lewis—Brown
Norway rats and 8-week-old male mice were used for the ex vivo analysis of the aorta
endothelial glycocalyx. Immunofluorescence microscopy of PECAM-1/CD31 markers was
used to approve the preservation of the endothelial cell layer after sample preparation.
The approach curves were analyzed. The authors distinguish two regions with different
slopes in the force dependencies responsible for the glycocalyx (in the first several hundred
nanometers) and cell cortex deformation. To prove that the AFM nanoindentation mea-
surements were indeed able to disclose the endothelial glycocalyx, simultaneous AF and
electron microscopy studies were performed on animals.
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Figure 6. Comparison between glycocalyx length (A) and effective coverage (B) of endothelial cells in
ex vivo mouse aorta with diabetes progression. Statistics: (*) p < 0.0001; (ns) non-significant. Modified
from [62].

The AFM nanoindentation experiments showed that within 60 min after the infu-
sion of heparinase I via the tail vein of rats, an approximately 50% (from 308 £ 68 nm to
154 £ 26 nm, p < 0.0001) decrease in glycocalyx thickness and a 33% (from 0.34 £ 0.05 pN/nm
to 0.23 £ 0.01 pN/nm, p < 0.0001) decrease in glycocalyx stiffness were observed with
respect to the control samples (n = 5 in each group). The same results (266 &+ 17 vs.
137 + 16 nm, p < 0.0001 and 0.34 + 0.03 vs. 0.21 £ 0.01 pN/mn, p < 0.001) were observed af-
ter 18 h during the murine endotoxemia caused by the intraperitoneal injection of 1 mg/kg
of BW lipopolysaccharide (LPS) from Escherichia coli into the mice. In vitro experiments
conducted via the deterioration of the glycocalyx with several sepsis mediators, i.e., LPS,
thrombin, and tumor necrosis factor-« alone, were also carried out. Further, the authors dis-
cuss the variations in glycocalyx thickness and stiffness identified by different researchers
and via different methods. Studying the glycocalyx’s condition is significant due to its
early manifestation in the pathogenesis of sepsis. However, it is not only glycocalyx degra-
dation that occurs during the pathological process but also glycocalyx restoration, which
is caused by antisepsis therapy, and this was investigated in [39]. The authors showed
that cell treatment with Sulodexide (SDX), a heparin sulfate-like compound resistant to
degradation by heparinase, leads to glycocalyx restoration. An AFM nanoindentation assay
was used to demonstrate a significant increase in glycocalyx thickness. It was also found
that SDX reduces vascular permeability, which is elevated in septic mice, and improves
animal survival.

It is not surprising that cancer causes changes in the structure of the glycocalyx in
tumor cells. Nadezda Makarova and coauthors studied the nanomechanics of epithelial
bladder nonmalignant (HCV29) and cancerous (TCCSUP) cells with respect to the pericel-
lular layer [63]. Precalibrated silicon nitride cantilevers with hemispherical probes were
used to obtain the force-distance curves. The authors used the double-brush model to
analyze the force curves, which provided information about the length and density of
the pericellular layer. The inner brushes were found to be shorter for nonmalignant cells
(210 £ 190 nm vs. 550 £ 290 nm) with the same density, while the outer layer was longer
and denser (4.7 £ 4.2 um vs. 1.8 & 3.4 um). Enzymatic treatments with heparinase I and
neuraminidase were used to eliminate the two main components of the glycocalyx. The
treatment had no significant effect on the inner layer, so it could be associated with the
corrugation of the pericellular membrane. For the outer brush, heparinase I treatment
significantly decreased both the length and density of nonmalignant cells and the length
of cancer cells. In contrast, neuraminidase only has an increasing effect on the density of
the outer brush of cancer cells. This corresponds with the fact that heparan sulfate is a
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major component of the glycocalyx. The removal of the sialic acid residues attached to the
terminal ends of the surface glycans does not lead to significant alterations in molecule
length, but it could affect the architecture via changes in the negative charge. In the absence
of electrostatic stabilization, the long polysaccharide molecules stick together by forming a
more rigid structure. The authors provide a schematic representation of differences in the
structure of the pericellular layer for nonmalignant and cancer cells and their changes after
enzymatic treatment (Figure 7).
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Figure 7. Schematic representation of the differences in the structure of the pericellular layer of
nonmalignant and cancerous cells and their changes after enzymatic treatment. Taken from [64]
under Creative Commons license.

We show data concerning the study of the glycocalyx nanomechanics under different
pathological conditions in Table 1.

Table 1. The use of AFM methods for study of cell glycocalyx nanomechanics in pathological conditions.

Cell Type Ass.o ciated Method/Model Used Short Description Reference
Disease
The authors declare glypican-1
and heparan sulfate as the
Rat fat pad endothelial Endothelial Atomic force primary components of the [61]
cells (RFPECs) dysfunction spectroscopy glycocalyx that are responsible
for stress-associated
NO production
Endothelial cells on ex vivo Endotl}ehal Nanomechanics, Strong degradation of
dysfunction and Lo . [62]
aorta samples . brush model glycocalyx in diabetic mice
diabetes
A decrease in glycocalyx
Endothelial cells on ex vivo thickness .af.ter ! ntraperitoneal
aorta samples/in vitro Endothelial Nanomechanics, li ;n}ectlﬁn chi A
HUVEC, EA hy 926, noothetial mechanical 'popoTysaccharices. An [47]

in vitro decrease in glycocalyx
thickness after heparinase I,
thrombin, LPS, or
TNF-« treatment

HPMEC, bEnd.3, and dysfunction in sepsis

GM?7373 endothelial cells

spring model
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Table 1. Cont.

Cell Type ASS.O ciated Method/Model Used Short Description Reference
Disease
The differences in the
Bladder epithelial structures of the pericellular
nonmalignant Cancer Nanomechanics, layers of nonmalignant and [63]
(HCV29) and cancerous brush model cancerous cells and their )
(TCCSUP) cells changes after
enzymatic treatment
. Restoration of glycocalyx
Brain microvascular Endothelial Nanomechanics, thickness after Sulodexide

endothelial cells (bEnd.3)

m('echanlcal treatment in cells pretreated [64]
spring model

with lipopolysaccharides

dysfunction in sepsis

EA hy926 endothelial cells
and A549 lung
carcinoma cells

Incubation in metformin leads
to a significant increase in
glycocalyx density and the

length of endothelial cells and

has almost no effect on lung
carcinoma cells

Nanomechanics,

Cancer and diabetes brush model

7. Other Scanning Probe Microscopy Methods for the Study of the Glycocalyx

Scanning ion conductance microscopy (SICM) is a relatively new technique of scanning
probe microscopy in which an insulated surface can be examined using a nanoscale glass
pipette in a conducting solution. SICM enables mapping of not only the topography but
also the mechanical properties of living cells under physiological conditions with high
spatial and temporal resolutions [66]. It was long thought that the SICM probe did not
exert any stress on the cell surface during scanning because of the constant gap between
the pipette tip and the sample controlling an ion current drop with the feedback system.
However, the authors of [67] have shown that during experiments on the cell surface in
“hopping mode” [68], the glass tip face repels the cell membrane before contact. Using
built models, they found the presence of an initial soft region during the deformation of
several glycocalyx-free cells, i.e., hippocampal neurons and the prion protein knockout cell
line, apparently caused by the conformational slack in the cytoskeleton and its attachments
to the plasma membrane. For cells with a glycocalyx, its thickness could be calculated by
fitting the data obtained from the approach curves. For human mammary fibroblasts, it
was estimated to be 70.5 & 1.6 nm. It was shown that some subcellular features exhibit
strong contrast in stiffness but none in topography, and the thickness of the glycocalyx
should be taken into account for the chosen pipette tip aperture.

8. Conclusions

Scanning probe microscopy is undoubtedly suitable for studying a structure as delicate
as the glycocalyx. While the imaging of the glycocalyx is still problematic, measuring the
mechanical properties produces unique information about its properties and structure
under physiological conditions. In several publications, alterations in the nanomechanical
properties of the glycocalyx were shown to be associated with a number of pathological
processes characterized by endothelial dysfunction. Different approaches to data analysis
allow us to appreciate parameters like the thickness, stiffness, and drafting density of
the glycocalyx layer. However, researchers must be very careful when interpreting such
indirect data. While atomic force spectroscopy has already become the classical method
of studying the glycocalyx, new techniques like scanning ion conductance microscopy
promise new perspectives for such investigations.



Cells 2023,12, 2778 14 of 16

Author Contributions: Conceptualization, A.M. and D.K,; writing—original draft preparation, D.K,;
writing—review and editing, M.G., A.S., A A, AM., AK, LU. and S.M.; supervision, L.U.; project
administration, A.K.; funding acquisition, S.M.; formal analysis, L.U. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was financially supported by Moscow Polytechnic University within the frame-
work of the grant named after Pyotr Kapitsa and the state assignment of the Institute of General
Pathology and Pathophysiology (state task no. FGFU-2022-0006).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

SPM Scanning probe microscopy
AFM Atomic force microscopy
AFS Atomic force spectroscopy

GAG Glycosaminoglycan
HUVEC Human umbilical vein endothelial cells

References

1. Luft, ].H. Fine Structures of Capillary and Endocapillary Layer as Revealed by Ruthenium Red. Fed. Proc. 1966, 25, 1773-1783.

2. Weinbaum, S.; Zhang, X.; Han, Y.; Vink, H.; Cowin, S.C. Mechanotransduction and Flow across the Endothelial Glycocalyx. Proc.
Natl. Acad. Sci. USA 2003, 100, 7988-7995. [CrossRef] [PubMed]

3. Weinbaum, S.; Tarbell, ].M.; Damiano, E.R. The Structure and Function of the Endothelial Glycocalyx Layer. Annu. Rev. Biomed.
Eng. 2007, 9, 121-167. [CrossRef] [PubMed]

4. Gao, L.; Lipowsky, H.H. Composition of the Endothelial Glycocalyx and Its Relation to Its Thickness and Diffusion of Small
Solutes. Microvasc. Res. 2010, 80, 394-401. [CrossRef]

5. Squire, ] M.; Chew, M.; Nneji, G.; Neal, C.; Barry, J.; Michel, C. Quasi-Periodic Substructure in the Microvessel Endothelial
Glycocalyx: A Possible Explanation for Molecular Filtering? . Struct. Biol. 2001, 136, 239-255. [CrossRef]

6. Nieuwdorp, M.; Meuwese, M.C.; Vink, H.; Hoekstra, ].B.; Kastelein, J.J.; Stroes, E.S. The Endothelial Glycocalyx: A Potential
Barrier between Health and Vascular Disease. Curr. Opin. Lipidol. 2005, 16, 507-511. [CrossRef]

7. Chevalier, L.; Selim, J.; Genty, D.; Baste, ]. M.; Piton, N.; Boukhalfa, I.; Hamzaoui, M.; Pareige, P.; Richard, V. Electron Microscopy
Approach for the Visualization of the Epithelial and Endothelial Glycocalyx. Morphologie 2017, 101, 55-63. [CrossRef]

8. Chappell, D.; Hofmann-Kiefer, K.; Jacob, M.; Rehm, M.; Briegel, J.; Welsch, U.; Conzen, P.; Becker, B.F. TNF-« Induced Shedding
of the Endothelial Glycocalyx Is Prevented by Hydrocortisone and Antithrombin. Basic Res. Cardiol. 2009, 104, 78-89. [CrossRef]
[PubMed]

9.  Mukai, S.; Takaki, T.; Nagumo, T.; Sano, M.; Kang, D.; Takimoto, M.; Honda, K. Three-Dimensional Electron Microscopy for
Endothelial Glycocalyx Observation Using Alcian Blue with Silver Enhancement. Med. Mol. Morphol. 2021, 54, 95-107. [CrossRef]

10. Ebong, E.E.; Macaluso, EP; Spray, D.C.; Tarbell, ]. M. Imaging the Endothelial Glycocalyx In Vitro by Rapid Freezing/Freeze
Substitution Transmission Electron Microscopy. Arter. Thromb. Vasc. Biol. 2011, 31, 1908-1915. [CrossRef]

11.  Salmon, A.H.; Satchell, S.C. Endothelial Glycocalyx Dysfunction in Disease: Albuminuria and Increased Microvascular Perme-
ability: Glycocalyx and Microvascular Permeability. J. Pathol. 2012, 226, 562-574. [CrossRef] [PubMed]

12.  Xia, Y,; Fu, B.M. Investigation of Endothelial Surface Glycocalyx Components and Ultrastructure by Single Molecule Localization
Microscopy: Stochastic Optical Reconstruction Microscopy (STORM). Yale J. Biol. Med. 2018, 91, 257-266. [PubMed]

13. Bae, YH,; Liu, S; Byfield, FJ.; Janmey, P.A.; Assoian, R.K. Measuring the Stiffness of Ex Vivo Mouse Aortas Using Atomic Force
Microscopy. J. Vis. Exp. 2016, 116, €54630. [CrossRef]

14. Sun, M.,; Graham, ].S.; Hegedyiis, B.; Marga, F.; Zhang, Y.; Forgacs, G.; Grandbois, M. Multiple Membrane Tethers Probed by
Atomic Force Microscopy. Biophys. |. 2005, 89, 4320-4329. [CrossRef]

15.  Yen, W,; Cai, B,; Yang, ].; Zhang, L.; Zeng, M.; Tarbell, ].M.; Fu, B.M. Endothelial Surface Glycocalyx Can Regulate Flow-Induced
Nitric Oxide Production in Microvessels In Vivo. PLoS ONE 2015, 10, e0117133. [CrossRef]

16. Van Den Berg, B.M.; Vink, H.; Spaan, ]J.A.E. The Endothelial Glycocalyx Protects Against Myocardial Edema. Circ. Res. 2003, 92,
592-594. [CrossRef]

17.  Kang, H.; Wu, Q.; Sun, A,; Liu, X,; Fan, Y.; Deng, X. Cancer Cell Glycocalyx and Its Significance in Cancer Progression. Int. ]. Mol.
Sci. 2018, 19, 2484. [CrossRef]

18. Offeddu, G.S.; Hajal, C.; Foley, C.R.; Wan, Z.; Ibrahim, L.; Coughlin, M.F,; Kamm, R.D. The Cancer Glycocalyx Mediates
Intravascular Adhesion and Extravasation during Metastatic Dissemination. Commun. Biol. 2021, 4, 255. [CrossRef]

19. Kanyo, N.; Kovacs, K.D.; Saftics, A.; Szekacs, I.; Peter, B.; Santa-Maria, A.R.; Walter, ER.; Dér, A.; Deli, M.A.; Horvath, R.

Glycocalyx Regulates the Strength and Kinetics of Cancer Cell Adhesion Revealed by Biophysical Models Based on High
Resolution Label-Free Optical Data. Sci. Rep. 2020, 10, 22422. [CrossRef]


https://doi.org/10.1073/pnas.1332808100
https://www.ncbi.nlm.nih.gov/pubmed/12810946
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://www.ncbi.nlm.nih.gov/pubmed/17373886
https://doi.org/10.1016/j.mvr.2010.06.005
https://doi.org/10.1006/jsbi.2002.4441
https://doi.org/10.1097/01.mol.0000181325.08926.9c
https://doi.org/10.1016/j.morpho.2017.04.001
https://doi.org/10.1007/s00395-008-0749-5
https://www.ncbi.nlm.nih.gov/pubmed/18836678
https://doi.org/10.1007/s00795-020-00267-1
https://doi.org/10.1161/ATVBAHA.111.225268
https://doi.org/10.1002/path.3964
https://www.ncbi.nlm.nih.gov/pubmed/22102407
https://www.ncbi.nlm.nih.gov/pubmed/30258313
https://doi.org/10.3791/54630
https://doi.org/10.1529/biophysj.104.058180
https://doi.org/10.1371/journal.pone.0117133
https://doi.org/10.1161/01.RES.0000065917.53950.75
https://doi.org/10.3390/ijms19092484
https://doi.org/10.1038/s42003-021-01774-2
https://doi.org/10.1038/s41598-020-80033-6

Cells 2023,12, 2778 150f 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Curry, FE.; Adamson, R.H. Endothelial Glycocalyx: Permeability Barrier and Mechanosensor. Ann. Biomed. Eng. 2012, 40,
828-839. [CrossRef]

Villalba, N.; Baby, S.; Yuan, S.Y. The Endothelial Glycocalyx as a Double-Edged Sword in Microvascular Homeostasis and
Pathogenesis. Front. Cell Dev. Biol. 2021, 9, 711003. [CrossRef] [PubMed]

Gianesini, S.; Rimondi, E.; Raffetto, J.D.; Melloni, E.; Pellati, A.; Menegatti, E.; Avruscio, G.P; Bassetto, F.; Costa, A.L.; Rockson, S.
Human Collecting Lymphatic Glycocalyx Identification by Electron Microscopy and Immunohistochemistry. Sci. Rep. 2023, 13,
3022. [CrossRef] [PubMed]

Cosgun, Z.C.; Fels, B.; Kusche-Vihrog, K. Nanomechanics of the Endothelial Glycocalyx: From Structure to Function. Am. .
Pathol. 2020, 190, 732-741. [CrossRef] [PubMed]

Culty, M. The Hyaluronate Receptor Is a Member of the CD44 (H-CAM) Family of Cell Surface Glycoproteins. J. Cell Biol. 1990,
111, 2765-2774, Erratum in J. Cell Biol. 1991, 112, 513. [CrossRef] [PubMed]

Ochs, M.; Hegermann, J.; Lopez-Rodriguez, E.; Timm, S.; Nouailles, G.; Matuszak, J.; Simmons, S.; Witzenrath, M.; Kuebler, W.M.
On Top of the Alveolar Epithelium: Surfactant and the Glycocalyx. Int. J. Mol. Sci. 2020, 21, 3075. [CrossRef] [PubMed]

Walter, ER.; Santa-Maria, A.R.; Mészaros, M.; Veszelka, S.; Dér, A.; Deli, M.A. Surface Charge, Glycocalyx, and Blood-Brain
Barrier Function. Tissue Barriers 2021, 9, 1904773. [CrossRef]

Tarbell, ].M.; Cancel, L.M. The Glycocalyx and Its Significance in Human Medicine. J. Intern. Med. 2016, 280, 97-113. [CrossRef]
Hansson, G.C. Mucins and the Microbiome. Annu. Rev. Biochem. 2020, 89, 769-793. [CrossRef]

Buffone, A.; Weaver, V.M. Don’t Sugarcoat It: How Glycocalyx Composition Influences Cancer Progression. J. Cell Biol. 2020, 219,
€201910070. [CrossRef]

Argtieso, P; Woodward, A.M.; AbuSamra, D.B. The Epithelial Cell Glycocalyx in Ocular Surface Infection. Front. Immunol. 2021,
12,729260. [CrossRef]

Linnartz-Gerlach, B.; Mathews, M.; Neumann, H. Sensing the Neuronal Glycocalyx by Glial Sialic Acid Binding Immunoglobulin-
like Lectins. Neuroscience 2014, 275, 113-124. [CrossRef] [PubMed]

Sonnino, S.; Chiricozzi, E.; Grassi, S.; Mauri, L.; Prioni, S.; Prinetti, A. Gangliosides in Membrane Organization. In Progress
in Molecular Biology and Translational Science; Elsevier: Amsterdam, The Netherlands, 2018; Volume 156, pp. 83-120. ISBN
978-0-12-812341-6.

Rapoport, EIM.; Matveeva, V.K.; Vokhmyanina, O.A.; Belyanchikov, I.M.; Gabius, H.-J.; Bovin, N.V. Localization of Galectins
within Glycocalyx. Biochemistry 2018, 83, 727-737. [CrossRef]

Limozin, L.; Puech, P.-H. Membrane Organization and Physical Regulation of Lymphocyte Antigen Receptors: A Biophysicist’s
Perspective. J. Membr. Biol. 2019, 252, 397-412. [CrossRef]

Jackson, D.G. Leucocyte Trafficking via the Lymphatic Vasculature—Mechanisms and Consequences. Front. Immunol. 2019, 10,
471. [CrossRef] [PubMed]

Fritsma, G.A. Platelet Structure and Function. Clin. Lab. Sci. 2015, 28, 125-131. [CrossRef]

Binnig, G.; Rohrer, H. Scanning Tunneling Microscopy. Surf. Sci. 1983, 126, 236-244. [CrossRef]

Binnig, G.; Quate, C.F,; Gerber, C. Atomic Force Microscope. Phys. Rev. Lett. 1986, 56, 930-933. [CrossRef]

Bar6, A.M.; Reifenberger, R.G. (Eds.) Atomic Force Microscopy in Liquid: Biological Applications, 1st ed.; Wiley-VCH: Weinheim,
Germany; Hoboken, NJ, USA, 2012; ISBN 978-3-527-32758-4.

Happel, P.; Thatenhorst, D.; Dietzel, I. Scanning Ion Conductance Microscopy for Studying Biological Samples. Sensors 2012, 12,
14983-15008. [CrossRef]

Le Grimellec, C.; Lesniewska, E.; Cachia, C.; Schreiber, J.P.; De Fornel, F.; Goudonnet, J.P. Imaging of the Membrane Surface of
MDCK Cells by Atomic Force Microscopy. Biophys. ]. 1994, 67, 36—41. [CrossRef]

Kalagara, T.; Moutsis, T.; Yang, Y.; Pappelbaum, K.I.; Farken, A.; Cladder-Micus, L.; Vidal-y-Sy, S.; John, A.; Bauer, A.T;
Moerschbacher, B.M.; et al. The Endothelial Glycocalyx Anchors von Willebrand Factor Fibers to the Vascular Endothelium. Blood
Adv. 2018, 2, 2347-2357. [CrossRef]

Chighizola, M.; Dini, T.; Marcotti, S.; D’Urso, M.; Piazzoni, C.; Borghi, E; Previdi, A.; Ceriani, L.; Folliero, C.; Stramer, B.; et al.
The Glycocalyx Affects the Mechanotransductive Perception of the Topographical Microenvironment. J. Nanobiotechnol. 2022, 20,
418. [CrossRef]

Dufréne, Y.E; Martinez-Martin, D.; Medalsy, I.; Alsteens, D.; Miiller, D.J. Multiparametric Imaging of Biological Systems by
Force-Distance Curve-Based AFM. Nat. Methods 2013, 10, 847-854. [CrossRef] [PubMed]

Dokukin, M.E.; Sokolov, I. Nanoscale Compositional Mapping of Cells, Tissues, and Polymers with Ringing Mode of Atomic
Force Microscopy. Sci. Rep. 2017, 7, 11828. [CrossRef] [PubMed]

Marsh, G.; Waugh, R.E. Quantifying the Mechanical Properties of the Endothelial Glycocalyx with Atomic Force Microscopy. J.
Vis. Exp. 2013, 72, 50163. [CrossRef]

Wiesinger, A.; Peters, W.; Chappell, D.; Kentrup, D.; Reuter, S.; Pavenstddt, H.; Oberleithner, H.; Kiimpers, P. Nanomechanics of
the Endothelial Glycocalyx in Experimental Sepsis. PLoS ONE 2013, 8, e80905. [CrossRef] [PubMed]

Oberleithner, H.; Peters, W.; Kusche-Vihrog, K.; Korte, S.; Schillers, H.; Kliche, K.; Oberleithner, K. Salt Overload Damages the
Glycocalyx Sodium Barrier of Vascular Endothelium. Pflug. Arch.-Eur. ]. Physiol. 2011, 462, 519-528. [CrossRef]

Carl, P; Schillers, H. Elasticity Measurement of Living Cells with an Atomic Force Microscope: Data Acquisition and Processing.
Pflug. Arch.-Eur. ]. Physiol. 2008, 457, 551-559. [CrossRef]


https://doi.org/10.1007/s10439-011-0429-8
https://doi.org/10.3389/fcell.2021.711003
https://www.ncbi.nlm.nih.gov/pubmed/34336864
https://doi.org/10.1038/s41598-023-30043-x
https://www.ncbi.nlm.nih.gov/pubmed/36810649
https://doi.org/10.1016/j.ajpath.2019.07.021
https://www.ncbi.nlm.nih.gov/pubmed/32035884
https://doi.org/10.1083/jcb.111.6.2765
https://www.ncbi.nlm.nih.gov/pubmed/1703543
https://doi.org/10.3390/ijms21093075
https://www.ncbi.nlm.nih.gov/pubmed/32349261
https://doi.org/10.1080/21688370.2021.1904773
https://doi.org/10.1111/joim.12465
https://doi.org/10.1146/annurev-biochem-011520-105053
https://doi.org/10.1083/jcb.201910070
https://doi.org/10.3389/fimmu.2021.729260
https://doi.org/10.1016/j.neuroscience.2014.05.061
https://www.ncbi.nlm.nih.gov/pubmed/24924144
https://doi.org/10.1134/S000629791806010X
https://doi.org/10.1007/s00232-019-00085-2
https://doi.org/10.3389/fimmu.2019.00471
https://www.ncbi.nlm.nih.gov/pubmed/30923528
https://doi.org/10.29074/ascls.28.2.125
https://doi.org/10.1016/0039-6028(83)90716-1
https://doi.org/10.1103/PhysRevLett.56.930
https://doi.org/10.3390/s121114983
https://doi.org/10.1016/S0006-3495(94)80490-4
https://doi.org/10.1182/bloodadvances.2017013995
https://doi.org/10.1186/s12951-022-01585-5
https://doi.org/10.1038/nmeth.2602
https://www.ncbi.nlm.nih.gov/pubmed/23985731
https://doi.org/10.1038/s41598-017-12032-z
https://www.ncbi.nlm.nih.gov/pubmed/28928471
https://doi.org/10.3791/50163
https://doi.org/10.1371/journal.pone.0080905
https://www.ncbi.nlm.nih.gov/pubmed/24278345
https://doi.org/10.1007/s00424-011-0999-1
https://doi.org/10.1007/s00424-008-0524-3

Cells 2023,12, 2778 16 of 16

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Clifford, C.A.; Seah, M.P. Nanoindentation Measurement of Young’s Modulus for Compliant Layers on Stiffer Substrates Including
the Effect of Poisson’s Ratios. Nanotechnology 2009, 20, 145708. [CrossRef]

Sokolov, L; Iyer, S.; Subba-Rao, V.; Gaikwad, R.M.; Woodworth, C.D. Detection of Surface Brush on Biological Cells in Vitro with
Atomic Force Microscopy. Appl. Phys. Lett. 2007, 91, 023902. [CrossRef]

De Gennes, P.G. Polymers at an Interface; a Simplified View. Adv. Colloid Interface Sci. 1987, 27, 189-209. [CrossRef]

Iyer, S.; Gaikwad, R.M.; Subba-Rao, V.; Woodworth, C.D.; Sokolov, I. Atomic Force Microscopy Detects Differences in the Surface
Brush of Normal and Cancerous Cells. Nat. Nanotechnol. 2009, 4, 389-393. [CrossRef] [PubMed]

Sokolov, I.; Dokukin, M.E.; Guz, N.V. Method for Quantitative Measurements of the Elastic Modulus of Biological Cells in AFM
Indentation Experiments. Methods 2013, 60, 202-213. [CrossRef] [PubMed]

Guz, N.; Dokukin, M.; Kalaparthi, V.; Sokolov, I. If Cell Mechanics Can Be Described by Elastic Modulus: Study of Different
Models and Probes Used in Indentation Experiments. Biophys. ]. 2014, 107, 564-575. [CrossRef]

Dokukin, M.; Ablaeva, Y.; Kalaparthi, V.; Seluanov, A.; Gorbunova, V.; Sokolov, I. Pericellular Brush and Mechanics of Guinea Pig
Fibroblast Cells Studied with AFM. Biophys. |. 2016, 111, 236-246. [CrossRef] [PubMed]

Giergiel, M.; Malek-Zietek, K.E.; Konior, J.; Targosz-Korecka, M. Endothelial Glycocalyx Detection and Characterization by Means
of Atomic Force Spectroscopy: Comparison of Various Data Analysis Approaches. Micron 2021, 151, 103153. [CrossRef] [PubMed]
O’Callaghan, R.; Job, K.M.; Dull, R.O.; Hlady, V. Stiffness and Heterogeneity of the Pulmonary Endothelial Glycocalyx Measured
by Atomic Force Microscopy. Am. |. Physiol.-Lung Cell. Mol. Physiol. 2011, 301, L353-L360. [CrossRef] [PubMed]

Bai, K.; Wang, W. Spatio-Temporal Development of the Endothelial Glycocalyx Layer and Its Mechanical Property in Vitro. J. R.
Soc. Interface 2012, 9, 2290-2298. [CrossRef] [PubMed]

Targosz-Korecka, M.; Malek-Zietek, K.E.; Brzezinka, G.D.; Jaglarz, M. Morphological and Nanomechanical Changes in
Mechanosensitive Endothelial Cells Induced by Colloidal AFM Probes: Changes in Endothelial Cells Induced by AFM Probes.
Scanning 2016, 38, 654-664. [CrossRef]

Bartosch, A.M.W.; Mathews, R.; Tarbell, ]. M. Endothelial Glycocalyx-Mediated Nitric Oxide Production in Response to Selective
AFM Pulling. Biophys. J. 2017, 113, 101-108. [CrossRef]

Targosz-Korecka, M.; Jaglarz, M.; Malek-Zietek, K.E.; Gregorius, A.; Zakrzewska, A.; Sitek, B.; Rajfur, Z.; Chlopicki, S.; Szymonski,
M. AFM-Based Detection of Glycocalyx Degradation and Endothelial Stiffening in the Db/Db Mouse Model of Diabetes. Sci. Rep.
2017, 7, 15951. [CrossRef]

Makarova, N.; Lekka, M.; Gnanachandran, K.; Sokolov, I. Mechanical Way To Study Molecular Structure of Pericellular Layer.
ACS Appl. Mater. Interfaces 2023, 15, 35962-35972. [CrossRef] [PubMed]

Song, ] W.; Zullo, ].A.; Liveris, D.; Dragovich, M.; Zhang, X.E; Goligorsky, M.S. Therapeutic Restoration of Endothelial Glycocalyx
in Sepsis. J. Pharmacol. Exp. Ther. 2017, 361, 115-121. [CrossRef] [PubMed]

Targosz-Korecka, M.; Malek-Zietek, K.E.; Kloska, D.; Rajfur, Z.; Stepien, E.L.; Grochot-Przeczek, A.; Szymonski, M. Metformin
Attenuates Adhesion between Cancer and Endothelial Cells in Chronic Hyperglycemia by Recovery of the Endothelial Glycocalyx
Barrier. Biochim. Biophys. Acta BBA-Gen. Subj. 2020, 1864, 129533. [CrossRef] [PubMed]

Kolmogorov, V.S.; Erofeev, A.S.; Woodcock, E.; Efremov, Y.M.; lakovlev, A.P,; Savin, N.A.; Alova, A.V,; Lavrushkina, S.V.; Kireev,
LL; Prelovskaya, A.O.; et al. Mapping Mechanical Properties of Living Cells at Nanoscale Using Intrinsic Nanopipette-Sample
Force Interactions. Nanoscale 2021, 13, 6558-6568. [CrossRef]

Clarke, R.W.; Novak, P.; Zhukov, A.; Tyler, E.J.; Cano-Jaimez, M.; Drews, A ; Richards, O.; Volynski, K.; Bishop, C.; Klenerman, D.
Low Stress Ion Conductance Microscopy of Sub-Cellular Stiffness. Soft Matter 2016, 12, 7953-7958. [CrossRef]

Novak, P; Li, C.; Shevchuk, A L; Stepanyan, R.; Caldwell, M.; Hughes, S.; Smart, T.G.; Gorelik, J.; Ostanin, V.P.; Lab, M.].; et al.
Nanoscale Live-Cell Imaging Using Hopping Probe Ion Conductance Microscopy. Nat. Methods 2009, 6, 279-281. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1088/0957-4484/20/14/145708
https://doi.org/10.1063/1.2757104
https://doi.org/10.1016/0001-8686(87)85003-0
https://doi.org/10.1038/nnano.2009.77
https://www.ncbi.nlm.nih.gov/pubmed/19498402
https://doi.org/10.1016/j.ymeth.2013.03.037
https://www.ncbi.nlm.nih.gov/pubmed/23639869
https://doi.org/10.1016/j.bpj.2014.06.033
https://doi.org/10.1016/j.bpj.2016.06.005
https://www.ncbi.nlm.nih.gov/pubmed/27410750
https://doi.org/10.1016/j.micron.2021.103153
https://www.ncbi.nlm.nih.gov/pubmed/34627108
https://doi.org/10.1152/ajplung.00342.2010
https://www.ncbi.nlm.nih.gov/pubmed/21705487
https://doi.org/10.1098/rsif.2011.0901
https://www.ncbi.nlm.nih.gov/pubmed/22417911
https://doi.org/10.1002/sca.21313
https://doi.org/10.1016/j.bpj.2017.05.033
https://doi.org/10.1038/s41598-017-16179-7
https://doi.org/10.1021/acsami.3c06341
https://www.ncbi.nlm.nih.gov/pubmed/37489588
https://doi.org/10.1124/jpet.116.239509
https://www.ncbi.nlm.nih.gov/pubmed/28167639
https://doi.org/10.1016/j.bbagen.2020.129533
https://www.ncbi.nlm.nih.gov/pubmed/31953127
https://doi.org/10.1039/D0NR08349F
https://doi.org/10.1039/C6SM01106C
https://doi.org/10.1038/nmeth.1306

	Introduction 
	Variations in the Structures and Functions of the Glycocalyx for Different Cell Phenotypes 
	Principles of Scanning Probe Microscopy Techniques 
	Sanning Probe Microscopy Imaging of the Glycocalyx 
	The Study of Glycocalyx Nanomechanics Using AFM Techniques 
	Examples of the Application of Nanomechanics to Studying the Glycocalyx in Pathophysiology 
	Other Scanning Probe Microscopy Methods for the Study of the Glycocalyx 
	Conclusions 
	References

