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Abstract

The glycocalyx coating the outside of most cells is a polymer meshwork comprising proteins and 

complex sugar chains called glycans. From a physical perspective, the glycocalyx has long been 

considered a simple ‘slime’ that protects cells from mechanical disruption or against pathogen 

interactions, but the great complexity of the structure argues for the evolution of more advanced 

functionality: the glycocalyx serves as the complex physical environment within which cell-

surface receptors reside and operate. Recent studies have demonstrated that the glycocalyx can 

exert thermodynamic and kinetic control over cell signalling by serving as the local medium 

within which receptors diffuse, assemble and function. The composition and structure of the 

glycocalyx change markedly with changes in cell state, including transformation. Notably, cancer-

specific changes fuel the synthesis of monomeric building blocks and machinery for production of 

long-chain polymers that alter the physical and chemical structure of the glycocalyx. In this 

Review, we discuss these changes and their physical consequences on receptor function and 

emergent cell behaviours.

Cell-surface receptors serve as the pivotal communication interface between the cell’s 

external environment and the intracellular signalling networks1. Receptors also mediate 

specific adhesion between cells and with the tissue matrix2. Over the past four decades, 

researchers have catalogued a molecular inventory of receptors and associated intermediates 

whose dysfunction or deregulation is directly linked to cancer progression. Well-known 

receptors that promote cancer include the family of receptor tyrosine kinases (RTKs), such 

as epidermal growth factor receptors (EGFR), human epidermal growth receptor 2 (HER2) 

and c-MET1,3.

Extensive progress has also been made in understanding the chemical biology of receptors, 

their mechanisms of action and the genetic basis of their perturbation in disease states1. The 
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success of these endeavours is underscored by the fact that therapies targeting dysregulated 

receptors have been transformative in clinical treatment of multiple cancer types. Notable 

examples include ten FDA-approved targeted therapies against HER2/EGFR as of 20164 and 

multiple antibody-based drugs that are currently available to target HER2-positive breast 

cancers5.

Modern descriptions of receptor behaviour are largely explained through the concepts of 

solution chemistry, in which chemical affinities, reaction rates and enzyme kinetics govern 

the activation of downstream cellular processes6. However, physical constraints and spatial 

organizations imposed on molecules provide another hierarchical level of regulation7. 

Research over the past decade has provided compelling examples of how disruption of this 

physical regulatory layer could be causal for tumour progression8,9. A modern quest to 

develop a comprehensive physical understanding of the cancer cell and the coupled 

spatiotemporal dynamics of its molecules has now begun.

Largely overlooked in this quest is physical consideration of the glycocalyx8. Protein and 

sugar macromolecules are densely arrayed in the cancer cell glycocalyx, creating a 

physically crowded network in which embedded receptors must operate10. Emerging 

theories and experimental results implicate the importance of macromolecular crowding in 

nearly all aspects of protein function, including folding, conformational stability, mobility, 

binding of small molecules, enzymatic activity, homotypic assembly and interactions with 

other proteins11. Architectural details of the glycocalyx also control the spatial positioning 

of receptors and their binding partners (ligands) on other cells, in the tissue matrix, within 

the same cell membrane or even free in solution12. As such, the glycocalyx may be ideally 

positioned to broadly mediate or attenuate receptor function (Fig. 1). Indeed, normal cells 

engineered to exhibit cancer-like glycosylation can acquire oncogenic features with 

enhanced cell signalling, survival and invasion8,13.

In this Review, we discuss some of the key physical attributes of the cancer glycocalyx and 

consider why an altered glycocalyx may be a ‘universal’ feature in cancer. We next describe 

some of its important physical biology, drawing from existing theories in electrostatics, 

polymer physics and colloidal science for guidance. A central perspective of this Review is 

that the glycocalyx and its embedded signalling machinery function as an integrated sensory 

material whose responses are a product of both its physical structure and biomolecular parts. 

Tacitly implied in this perspective is that rational disruption of the glycocalyx alone or in 

combination with traditional therapeutic agents may be a future strategy for cancer 

intervention.

Molecular architecture of the cancer cell glycocalyx

The glycocalyx architecture varies considerably amongst different cell types. Conceptually, 

the molecules of the glycocalyx are arranged into two functionally distinct layers: a lower 

communication interface and a polymer-based structural network that extends through and 

above it (Fig. 2). The communication interface prominently includes receptors, other integral 

membrane proteins, and sugar macromolecules called glycans. A high degree of molecular 

crowding typifies the interface. For instance, integral membrane proteins have an estimated 
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density of 4–5 per 100 nm2 and an average diameter of 5 nm (ref. 14), suggesting that 

molecules are nearly close-packed in the lower strata of the glycocalyx. Most receptors and 

proteins extend 30 nm or less from the membrane, although some, like the Notch receptor, 

can extend further15.

Perturbations to the communication interface are well documented for many types of 

cancer16. Specific changes are selected for based on the microevolutionary advantages that 

they provide to the tumour16. Receptors are often produced at different levels or with altered 

functionality (mutated). The interface is reconfigured to ensure that the physical and 

chemical information from the external environment is perceived in a way that best serves 

the interest of the tumour cell1. For example, growth-promoting stimuli are amplified, death-

inducing cues are ignored and topographical cues from the tissue matrix are recognized as 

‘highways’ or escape routes for cell dissemination17,18.

Superimposed over and above the communication interface is a protein and polysaccharide 

network that forms the structural layer of the glycocalyx. As with the communication 

interface, specific changes to the structural network seem to be selected for during tumour 

progression. Notably, acquisition of the most aggressive and lethal cancer phenotypes often 

correlates with abundant expression of high-molecular-weight biopolymers that form a thick 

and often dense glycocalyx on the cancer cell surface8. Adopting standard polymer 

nomenclature, the polymers fall into two categorical types: linear and bottlebrush 

polyelectrolytes.

Hyaluronic and polysialic acids are linear polyelectrolytes

Linear polyelectrolytes are unbranched polymers whose repeating unit contains a charged 

group. Negatively charged biopolymers of this type are major structural elements in the 

glycocalyx of a wide spectrum of metastatic cancer cells19,20. One important example is 

hyaluronic acid (HA), a very large polymer assembled from repeating disaccharide units that 

contain glucuronic acid (pKa ≈ 3.3)19,21. Abundant HA production in the tumour often 

correlates with the lethality of the disease. Increased expression of the machinery associated 

with HA synthesis and anchorage on the cell surface also provide a signature that can predict 

poor patient survival in diverse cancer types19,22,23.

A remarkable feature of HA is its massive size. HA synthesis is catalysed and orchestrated at 

the plasma membrane by a class of membrane-spanning enzymes called HA synthases24. 

These exquisite machines reliably and repeatedly synthesize polymers with over 10,000 

monomers, corresponding to a total polymer length of over 10 μm (ref. 25). The synthases 

work by processively adding monosaccharides from the cytoplasm to the HA polymer end 

and simultaneously extruding the growing polymer through the plasma membrane and into 

the extracellular space24. HA can then be anchored to the cell surface by specific HA 

receptors, such as CD44, or by remaining associated with the synthases26.

The flexibility of HA is described by an intrinsic property of polymers called persistence 

length27, which is roughly the length over which a segment of a polymer will look and 

behave in a rod-like manner28. The persistence length provides a useful description of a 
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polymer’s shape and mechanical behaviour (Fig. 3a). Polymers whose overall contour length 

is much longer than the persistence length adopt a random-coil configuration and compress 

more like a spring29. Polymers whose overall size is comparable to or smaller than the 

persistence length appear rod-like and compress and flex like a beam.

HA has a persistence length of about 5 nm in physiological solutions and adopts a random 

coil configuration27. The moderately large persistence length can be explained by the rather 

inflexible linkages between sugar monomers in HA and by additional short-range 

interactions, including water bridging and hydrogen bonding between nearby monomers. In 

solvents with low ionic strength, the persistence length of HA increases considerably, owing 

to large electrostatic repulsions between anionic monomers, causing random coils of HA to 

expand. However, in physiological conditions, these charges are largely shielded by 

positively charged ions that concentrate around the anionic monomers, effectively reducing 

the range of their Coulombic attractions and repulsions to only about 0.7 nm (the Debye 

length). This picture is complicated by negatively charged proteoglycans, such as versicans 

that may promote cancer30, which can bind and stretch a HA polymer towards its full 

length31. It should be noted that each HA disaccharide in solution also organizes ~15 water 

molecules32, sheathing HA in a ‘watery cloud’ that contributes to its minimal protein-

binding behaviour and low fouling33.

Polysialic acid (polySia) is another large polyanion that is often upregulated in the cancer 

glycocalyx. Composed of repeating units of sialic acid (pKa ≈ 2.6)21, these linear 

polyanions are covalently anchored on the surface of neural cell adhesion molecule (NCAM) 

in a number of cancers34. PolySia reaches a degree of polymerization with approximately 

400 monomers (~125 kDa) and may adopt either an extended helical structure35 or a 

random-coil configuration36,37, suggesting that its persistence length may change markedly 

based on environmental context. Interestingly, some studies suggest that polySia can 

assemble with specific growth factors to form massive co-polymers and networks38. This 

system has been proposed to serve as a storage device for excess mitogenic capacity. Cancer 

regulation of polySia is not as well understood as for HA, but overexpression of its synthetic 

enzymes also predicts poor patient survival in several cancer types39-41.

Mucins are bottlebrush polymers

Bottlebrush polymers are macromolecules with a linear polymer backbone decorated with 

polymeric side chains. The unique molecular and particulate features of bottlebrushes are 

exploited in both synthetic and living systems for use as rheological modifiers, non-fouling 

surface coatings and stimuli-responsive coatings42. The lethality of several cancer types is 

strongly correlated with a great increase in the production of a class of bottlebrush 

biopolymers called mucins. The structure of cell-surface mucins consists of an unstructured 

central polypeptide backbone with densely grafted polymeric sugar side chains (glycans) 

and a transmembrane domain that directly anchors one end of the polymer to the plasma 

membrane. The mucin side chains are frequently terminated with sialic acids (pKa ≈ 2.6)21, 

making mucins a negatively charged polyelectrolyte bottlebrush at physiological pH.

Chin-Hun Kuo et al. Page 4

Nat Phys. Author manuscript; available in PMC 2021 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The mucin bottlebrush domains can be massive, Muc16 being the largest with >22,000 

amino acids (AA) in its backbone and an overall molecular weight that can reach up to 20 

million daltons, including side chains43. Fully stretched MUC16 is likely to reach ~1,500 

nm on the cell surface44. Other cell-surfaced mucins linked to cancer are podocalyxin (~400 

AA; ≤165 kDa), Muc1 (1,500 AA; ≤450 kDa) and Muc4 (~7,500 AA; ≤5 MDa). The 

prevalence of Muc1 in cancer is particularly notable. Muc1 is overexpressed in more than 

60% of all cancers diagnosed each year in the United States and in more than 90% of 

cancers of specific types, including breast45. High Muc1 levels in the tumour can predict 

metastasis, poor patient response to treatment and low patient survival rate in multiple 

cancers including those of breast, lung, gastrointestinal and pancreas origins45,46. Normal 

epithelial cells are usually polarized, maintaining the large mucins on the top, or apical, 

surface of the cell. A loss of cell polarity is a common feature in cancer and can redistribute 

the bottlebrush polymers to cover the entire cell surface45. The redistributed mucins interact 

with receptors residing on the bottom, or basal, cell surface and alter signalling responses 

such as from RTKs to drive cancer progression47.

The conformation and physical properties of the brush-like macromolecules are controlled 

by the steric repulsion between their densely grafted side chains48 (Fig. 3b-d). Increase in 

grafting density or length of the side chains—that is, an increase in the frequency or extent 

of glycosylation—enhances the crowding of side chains on the bottlebrush backbone. The 

consequently stronger steric repulsions between side chains in the crowded environment can 

stretch the bottlebrush into a stiffer structure48,49. For high densities of side chain grafting, 

the persistence length of a bottlebrush polymer is approximately the same as the length of 

the glycan side chains48. The length of glycan side chains is estimated to be 5–10 nm for 

mucins44,50, and, correspondingly, mucins are known to have persistence lengths of about 10 

nm as well51,52.

Altered glycosylation in cancer can affect the length and grafting density of side chains on 

mucins. Glycan side chains are initiated by the addition of a single sugar N-

acetylgalactosamine (GalNAc) to the −OH group of serines and threonines on the mucin 

polypeptide backbone. Hence, the side chains of mucins are called O-linked glycans, or 

simply O-glycans. The sugar chains are elongated by the sequential addition of other sugar 

monomers in the Golgi apparatus, a series of membrane-enclosed chemical reactors inside 

the cell. The length and grafting density of the glycan side chains are controlled by enzymes 

called glycosyltransferases, which are organized sequentially in sub-compartments of the 

Golgi. Oncogenes and other drivers for carcinogenesis can change the cellular location and 

overall composition of glycosyltransferases and the availability of sugar monomer substrates 

for glycan extension53. These changes often produce cancer mucins with short and sialylated 

glycan side chains but at a higher grafting density53,54. Future studies are needed to unravel 

how these cancer-associated changes affect the molecular properties, including flexibility, of 

individual mucins.

Glycocalyx behaviour from a polymer brush perspective

How high-molecular-weight polymers behave as an ensemble in the glycocalyx is still under 

investigation. However, mucins and other glycopolymers are anchored to the membrane in 
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such a way that long polymer chains or polymer loops extend from the cell surface. This 

network approximately resembles a well-studied structure in polymer physics called a 

polymer brush, composed of polymers grafted on one end to a surface (Fig. 3e,f). Pioneering 

efforts by Alexander and de Gennes led to the development of elegant relations capturing the 

physical behaviour of polymer brushes55,56. These scaling relations or ‘scaling laws’ are 

simple, yet useful in illustrating important aspects of how the glycocalyx structural layer is 

expected to behave, at least to a first approximation57.

Notably, brush theory provides insight into the balance of opposing forces at play in an 

anchored polymer network, like the glycocalyx58,59. For densely crowded polymers, steric 

repulsion between the polymer chains drives stretching of the molecules away from the 

surface (that is, the membrane). An opposing elastic energy arises from the decreased 

entropy associated with the smaller number of configurations that the stretched molecules 

can wiggle into and explore. More simply stated, a polymer behaves as an elastic spring and 

tries to recoil itself when stretched. For charged polymers, additional forces arise from (1) 

the electrostatic repulsions between chains and (2) the osmotic pressure associated with 

recruitment of oppositely charged ions from solution to the polymers60. However, theory and 

experiment indicate that at high physiological salt concentrations, the osmotic and 

electrostatic forces may be small compared with the elastic and steric forces58.

Balancing of forces leads to the scaling relations describing the behaviour of the network. 

For example, Alexander balanced the elastic and steric forces and found the brush height, h, 

to scale as σ1/3, where σ is the density of polymers on the surface. In other words, how far 

polymers extend and stretch out from the surface varies in a very predictable way based on 

how densely the polymers are grafted. Theories have now been developed to describe several 

relevant behaviours of the glycocalyx including thickness and compression of polymer and 

polyelectrolyte brushes60,61; diffusion and equilibrium distributions of soluble particles and 

macromolecules in the brush62; and shearing of brush bilayers60.

Some of the key polymer brush behaviours have now been observed in cells and biomimetic 

systems that recapitulate the glycocalyx. For instance, Muc1 polymers appear to extend 

considerably from their random coils when densely crowded on the surface of epithelial 

cells8. HA polymers similarly extend into a brush configuration with the help of negatively 

charged proteoglycans31,63. Rubinstein and colleagues demonstrated that mucins in the 

glycocalyx of lung airway epithelium probably form a dense polymer brush that lifts and 

suspends mucus above cells64. Notably, brush theory successfully predicted conditions in 

cystic fibrosis where the mucin polymer brush would collapse, eventually slowing down the 

beating motions of cilia and stopping mucosal clearance64. Atomic force microscopy 

measurements of the endothelial glycocalyx, a structure rich in HA and other anionic 

glycopolymers, are consistent with brush expectations for compression65. Studies in 

biomimetic systems have also shown that reconstructed HA and mucin brushes follow 

expected scaling laws for brush extension, compressibility and response to changes in 

solution ionic strength66,67.

Of course, brush theory probably does not accurately describe behaviour close to the 

membrane, because many of the crowded proteins and macromolecules in the receptor 
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interface are too rigid to accurately model as flexible polymers. Some studies have instead 

modelled the more rigid macromolecules as hard disks, successfully replicating some 

aspects of membrane behaviour, such as bending68. Another complicating factor is the 

potential for crosslinking in the network, for example through multivalent sugar binding 

proteins called lectins and HA binding proteins (such as TSG-6)69. Finally, the structure will 

be permeated with other macromolecules (‘nanoinclusions’) and unanchored glycopolymers 

that can be shed from the membrane70.

Cancer metabolism and glycopolymer synthesis

In the 1920s, Otto Warburg famously observed that tumour cells take up large amounts of 

glucose and ferment it into lactate, even in the presence of sufficient oxygen to run oxidative 

phosphorylation, which is a much more efficient energy production process from the 

perspective of cellular energetics71,72. How tumour cells actually benefit from the ‘Warburg 

effect’ has remained mysterious until recently, when intense research over the past decade 

has uncovered at least one explanation73. By rewiring their metabolism, cancer cells can 

shunt more glucose and nutrients into making building blocks to meet the anabolic demands 

of rapid cell growth74. An important consequence of the reprogrammed metabolism is a 

diversion of nutrient flux into the anabolic pathways that generate building blocks for the 

synthesis of glycans74-76 (Fig. 4).

The Warburg effect funnels more glucose and other nutrients into the hexosamine 

biosynthetic pathway (HBP), a sequence of reactions that generates the sugar nucleotide 

monomers for glycan chain construction77. HA provides an illustrative example of how 

glucose uptake, metabolic programming and polymer synthesis are tightly coupled. Simply 

feeding cells in culture more glucose or glucosamine, which is converted to N-

acetylglucosamine intermediate in HBP, greatly increases HA content in the cellular 

glycocalyx78 (Fig. 4). HA production and intracellular sugar nucleotide availability are so 

tightly coupled that HA synthesis has been proposed as a rheostat controlling acceptable 

ranges of intracellular sugar nucleotides79. For instance, recent reports indicate that high 

levels of HA sugar nucleotide signal to suppress the internalization and lysosomal 

destruction of HA synthases, providing a mechanism to dump out excess intracellular sugar 

through the construction and extracellular extrusion of HA polymers80. Coupled metabolic 

reprogramming and HA production may have a role in the initiation of cancer. For example, 

increased expression of glutamine fructose-6-phosphate amidotransferase (GFAT), the rate-

limiting enzyme of HBP, correlates with HA content in the early stages of melanoma80.

Metabolic flux through the HBP is also associated with downstream mucin-type O-

glycosylation, sialylation and polysialylation in cancer cells, suggesting broad consequences 

of the Warburg effect on glycocalyx structures81-83. HBP flux can be increased by metabolic 

pathways that indirectly connect to the HBP. For example, upregulated folic acid metabolic 

pathway can increase HBP flux for sialic acid synthesis84. The loss of a glycogen 

debranching enzyme, AGL, also enhances the Warburg effect and diverts its use for HA 

synthesis85,86. Metabolic reprogramming into the HBP is now thought to be an immediate 

consequence of an oncogenic mutation, such as by KRAS in pancreatic cancer83, or as an 

adaptive response to sustained environmental stresses, such as low oxygen conditions 
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(hypoxia) in the centre of tumours87, as well as in the transition into aggressive 

behaviour88-90. Importantly, recent genetic and pharmacological studies have conclusively 

demonstrated that the Warburg effect is a requirement for tumour growth91,92, arguing that 

an altered glycocalyx structure is a hallmark of cancer.

Altered receptor function regulated by cell surface acidity

Acidic extracellular pH is important in tumour progression. Cancer cells generate and pump 

out increased amounts of H+ ions and lactic acid as a consequence of their reprogrammed 

metabolism93. Extracellular acidification stimulates cells through specialized acidsensing 

ion channels and proton-sensing receptors94. It also broadly alters the function of receptors 

and other cell surface machinery, which have typically evolved to work optimally at a near-

neutral pH in normal healthy tissues.

The anionic polymers and glycans in the cancer cell glycocalyx attract H+ and other 

positively charged ions from the surrounding fluid, affecting local pH. The situation is 

similar to a classic thermodynamics problem originally described by Frederic Donnan a 

century ago95,96. The problem considers the redistribution of ions between an electrolyte 

reservoir and a solution of entrapped polyelectrolytes that are blocked from passing into the 

reservoir by a semi-permeable membrane. The glycocalyx is analogous to the 

polyelectrolyte solution (Fig. 5). In this case, the structural integrity of the glycocalyx 

network functions as the barrier to diffusion between the glycocalyx solution and the 

extracellular fluid. Cations and protons migrate from the fluid reservoir into the anionic 

network and concentrate until the charge is neutralized and the ‘Donnan equilibrium’ is 

reached. Although the Donnan formalism is simplistic, it successfully predicts the 

distribution of ions in entangled mucin networks97 and bio-polyelectrolyte brushes58. 

However, more detailed solutions to the Poisson–Boltzmann equation that include additional 

effects of charge ionogenicity, steric exclusion and charge distribution within the glycocalyx 

are available and could provide more accurate descriptions of the glycocalyx, particularly 

when its molecules have a highly non-uniform distribution98.

Notably, these models show that when distributed near the membrane, even a modest sialic 

acid density of ~2.5 × 105 molecules per square micrometre in the glycocalyx can lower the 

cell surface pH by approximately 1 unit below the bulk extracellular pH98. In comparison, 

sialic acid surface densities are reported to range from 1.5 × 105 to 5 × 106 molecules per 

square micrometre on cells99, and increased sialylation of the glycocalyx is a common 

feature of many human cancers100. Recent studies using optical sensors have confirmed that 

the pH near cancer cell surfaces can be fairly acidic101. Indeed, the pH immediately above 

the cell membrane measures between pH 6.1 and 6.4 in the tested cancer models101. To what 

extent the lowered pH can be attributed to the glycocalyx charge density rather than to other 

contributing factors is still pending resolution.

Acidification of the cell surface has important implications for cell receptor function and 

may provide a selective pressure for tumour evolution. Cancer cells that have adapted to an 

acidic environment are more motile and aggressive102. Prominent arginine (pKa ≈ 12) to 

histidine (pKa ≈ 6.5) mutations in cancer are proposed to give mutant proteins the ability to 
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sense pH103. EGFRs that carry these mutations become activated by tumour pH changes, 

even in the absence of ligand stimulation104. Other receptors that have evolved specifically 

to sense protons can become activated in the acidic conditions of the tumour. For instance, 

the protonation of extracellular histidines on a G-protein-coupled receptor results in receptor 

activation and signalling for cancer invasion94,105. Acidity also has large, non-specific 

effects on the affinity and rates of certain receptor–ligand interactions. For example, a cell 

surface pH of 6.1 can cause 70% or more of integrin adhesion receptors to disengage their 

extracellular matrix (ECM) ligands106, possibly favouring faster modes of cell migration107.

Physical forces in the tumour can enhance the acidification effects by the glycocalyx. 

Polymer brushes and networks, like the glycocalyx, are soft materials that can deform under 

moderate loads. Theory shows that cell surface potential is enhanced and pH is reduced 

when the anionic structure of the glycocalyx is denser and distributed more closely to the 

membrane98. Compressive stresses on the glycocalyx would have this effect. Using a 

genetically encoded force sensor, recent studies indicate that the negatively charged mucins 

in the glycocalyx are compressed when the cell adheres and contracts against the ECM8. 

Cancer cells are known to generate considerably higher contractile forces than their normal 

counterparts and can pull harder against the rigid ECM of tumours108. Cancer cells also 

experience compressive forces when they are disseminating through tightly confined tissue 

spaces, where the ensuing forces can deform even the comparatively rigid cytoskeletal 

network and nucleus109. In yet another physical perturbation in the tumour, cancer cells 

endure large solid stresses, up to 10 kPa, that result from the growth and physical expansion 

of tumours in the confined tissue spaces of the body110. Because glycocalyx compliance is 

estimated to be 200 Pa (elastic modulus) or less65, forces of this magnitude are expected to 

impose considerable strains on the glycocalyx structure.

Macromolecular crowding in the glycocalyx

One of the most intuitive laws of nature is that two finite-sized objects cannot occupy the 

same space at the same time. Each molecule in a system thus excludes another molecule 

from a fraction of the total system volume (Fig. 6). Although this physical principle is 

simple, the consequences on reaction rates and equilibria in a crowded system can be 

striking11,111,112. The ‘excluded volume effects’ are particularly important in tissues, cells 

and subcellular structures, like the glycocalyx, that are densely packed with 

macromolecules11,113. This section considers the significance of macromolecular crowding 

in the glycocalyx, using signalling through soluble growth factors as an illustrative example. 

These factors convey information across short or long distances to target cells, where they 

bind and stimulate specific cell-surface receptors114. Communicating in this way, one cell 

can regulate another cell’s growth, proliferation, death, nutrient uptake, differentiation or 

migration115.

The excluded volume effect is non-specific and based solely on steric exclusion116-118. 

Consider a soluble test molecule that is introduced into a crowded system. Macromolecular 

crowding restricts the number of unique positions in which the test molecule can be placed 

in the system, reducing the molecule’s entropy and increasing the system’s free energy. Any 

reaction or process that increases the volume available to molecules lowers the free energy 
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and is favoured, regardless of the type of molecules or the process that transforms them. 

Folding of macromolecules into more compact states and molecular associations reduces the 

excluded volume in the system (Fig. 6). Consistent with expectations, binding interactions 

between receptors and ligands are favoured in the cell-surface glycocalyx, as recently 

shown119.

The strength of the excluded volume effect on a process depends on the extent of 

macromolecular crowding and the magnitude of the volume change. The free energy 

difference associated with an excluded volume change, Δv, is given by ΔG = ΠΔv, where Π 
is the osmotic pressure of the medium. The osmotic pressure is related to the crowding and 

can be thought of as an amplification factor that magnifies the effect of any arbitrary volume 

change, Δv. Notably, the osmotic pressure varies in a highly nonlinear way with the number 

of crowding agents in the system120,121. For instance, the osmotic pressure increases 

quadratically with polymer surface density in a de Gennes brush122.

Excluded volume effects in the cancer cell glycocalyx were first reported by Chinard and 

colleagues nearly 25 years ago123. Novikoff hepatocarcinoma cells poses a dense, mucin-

rich glycocalyx. Centrifuging the cells through oil to remove “all extracellular water except 

that intimately associated with the cell,” Chinard found that glycocalyx volumes accessible 

to solutes are inversely related to the solute size, similar to a gel chromatographic matrix. 

Remarkably, solute partitioning in the Novikoff glycocalyx matches expectations for an ideal 

system that is crowded with inert, non-interacting agents.

The large glycopolymers in the cancer glycocalyx are expected to behave as ideal crowding 

agents in many respects. Polymers that have a large and predominantly repulsive interaction 

with proteins tend to induce macromolecular associations and compaction in accord with 

crowding theory124-126. In fact, the effect of macromolecular crowding on a particular 

reaction in solution is generally studied by measuring changes in reaction rates or 

equilibrium in the presence of ‘inert’ sugar or synthetic polymers11. In contrast, protein 

crowding elements can disrupt protein structure and function through weak interactions, 

negating the benefits of crowding127,128. These crowding-effect observations are consistent 

with fundamental theory predictions in the literature on Brownian suspensions112.

Assembly of cell-surface receptors into clusters has emerged as a general principle for signal 

modulation7. Transduction of soluble cues by RTKs is an important example. Ligand-

induced assembly of RTKs into homodimers or higher-order oligomers is often crucial for 

generating competent signalling receptors from auto-inhibited monomers114. For instance, 

the EGFR can assemble into dimers, tetramers, hexamers and higher-order oligomers129,130. 

Studies suggest that the dynamics of EGFR signalling response depends on an intricate 

balance of EGFR dimers and oligomers modulated by ligand concentration and binding 

affinity129. The same principle is likely to hold true for other family members of human 

EGFR (HER2 and HER3) as they assemble to form higher-order oligomers131.

Macromolecular crowding can strongly favour oligomerized states and in a highly nonlinear 

manner. For example, physiological crowding can increase the equilibrium association 

constant 10-fold for two 40-kDa monomers that form a dimer132,133. If the dimers can form 
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a homotetramer, the association constant increases 10,000-fold. Such effects strongly argue 

that crowding could be a major determinant of RTK oligomer status, although the possibility 

has not been tested directly.

The effects of crowding on the rates of association between species are complex11. 

Crowding affects the overall association rate in two important ways. First, it is expected to 

effectively lower the activation energy barrier for reaction and increase the association rate 

constant by a factor similar to the increase in the equilibrium association constant134. 

Second, it controls the reaction frequency by influencing how often reacting partners 

encounter each other through diffusion135. Fast intrinsic reactions are limited by the 

diffusion rate136, which has a complex dependence on the number, size and mobility of the 

crowding elements as now discussed.

When crowding elements are low in concentration (volume fraction), their hindrance to 

diffusion is linear in the (small) volume fraction. However, as concentration grows, multi-

body interactions exert a stronger influence, and diffusivity can drop precipitately, vanishing 

quadratically with volume fraction relative to maximum packing121. Reduction of available 

volume due to the presence of fixed objects, such as tethered mucins, can give rise to 

spatially heterogeneous dynamics112,137,138. A particle attempting to diffuse through a fixed 

network will diffuse locally within a ‘pore’ or ‘cage’ of nearest neighbours. If multiple 

particles are diffusing through such an environment, the presence of these tethered cages can 

sequester the diffusers closer together and for longer periods of time, increasing the 

likelihood of encounter (or influencing protein stability)139.

Polydispersity, combined with crowding, can also greatly increase the frequency of 

encounters between smaller particles (E. Gonzalez, C. Aponte-Rivera and R.N.Z., 

manuscript in preparation). As a volume becomes more crowded, it is entropically 

favourable for smaller particles to locate preferentially in the interstitial volume between 

larger particles. This well-known phenomenon in bulk suspensions underlies the suppression 

of the formation of crystal structure. But in locally confined pockets, this effect can be even 

more pronounced, leading to the formation of regions in which larger particles are nearly 

excluded and smaller particles are caged into a nano-environment where their encounters 

with one another are markedly more favourable than encounters with larger particles.

Coupling of chemistry and mechanics by the glycocalyx

The ability of cells to adhere and communicate through close physical contact with each 

other and with the ECM is essential for a broad range of processes, including stem cell 

differentiation, coordinated cell migration, tissue patterning and tumorigenesis140. These 

physical interactions are often mediated by specific receptors that bind ligands tethered to 

the ECM or to the membrane of nearby cells. The finite sizes of receptors and ligands are 

key physical constraints on the probability of forming successful bonds when each binding 

partner is tethered to a structure (such as membrane or tissue matrix). Indeed, the dynamics 

and stability of bonds depend on how far the molecules must stretch to reach each other and 

how much force is loaded on the ensuing bond141. The glycocalyx can have a large effect on 
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these dynamics by setting the physical spacing between cells and with the ECM, and by 

controlling the effective compliance of these interfaces10.

To illustrate, consider a tethered molecule that must stretch like a spring to bind another 

tethered molecule across a gap. This spring exerts a tensile force on the receptor–ligand pair. 

Conceptually, this force on the stretched molecules tilts the bond’s energy landscape, 

changing the relative heights of the activation energy barriers and energy minima (Fig. 7). 

For an interaction described by a single activation barrier, the tensile force lowers the energy 

barrier to dissociation, thereby speeding up dissociation (Fig. 7)142. Most receptor–ligand 

bonds behave this way under tension and are called ‘slip’ bonds143. However, bonds with 

more complex energy landscapes can actually become stronger under load141,144. These 

bonds are called ‘catch’ bonds and probably evolved to withstand high loading forces145.

In terms of general receptor interactions, the glycocalyx is a potent means to independently 

regulate the time and length scales of the binding process of the specific ligand–receptor 

type or affinity146,147. Perturbations to the glycocalyx that increase cell–cell or cell–ECM 

spacing or that stiffen the glycocalyx will generally distort the energy landscape for all 

interactions across the spacing10. In other words, a thick or less compliant glycocalyx 

generally makes it harder for any receptor to reach ligands on an opposing surface and tends 

to pull apart bonds when they form. The presence of polysialic acids, HA and mucins can 

change the gap thickness by tens of nanometres or more148,149. Such distances can alter 

affinities by several orders of magnitude8,10,150.

The glycocalyx in our discussion so far may seem to be a simple physical barrier that resists 

adhesion and intercellular interactions. But molecules in the glycocalyx are mobile, as they 

can rearrange owing to chemical, mechanical and thermodynamic forces150-152. In 

particular, the mismatch in size between short receptor–ligand pairs and long glycopolymers 

can lead to their spatial segregation on the membrane. The physical basis of this segregation 

is understood; if a receptor–ligand pair and larger macromolecules are in close proximity, 

the cell membrane must deform locally with an associated energy cost153. To relieve this 

penalty, the different-sized molecules must segregate. This process of molecular 

organization has been termed ‘kinetic segregation’ and is proposed to underlie the exquisite 

molecular organization of the immunological synapse that forms between an antigen-

presenting cell and an effector T cell145. Similarly, cancer-associated mucins and HA are 

larger than most receptor–ligand pairs, suggesting that multiple receptor types could be 

spatially sorted in the cancer glycocalyx.

The principle of kinetic segregation as an organizing force in the cancer cell glycocalyx has 

recently been demonstrated for integrin adhesion receptors8. These single-molecule studies 

revealed that the kinetic segregation of large cancer mucins is intertwined with integrin 

association rates with ligands on the ECM substrate. The larger mucins are squeezed out of 

the integrin bond sites where the cell membrane is pulled close to the substrate. Bond 

formation therefore creates a region favouring further receptor–ligand interactions, causing a 

chain reaction of cooperative receptor binding events in close spatial proximity. This integrin 

bond clustering can trigger the assembly of larger complexes with intracellular adaptor 
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proteins and signalling proteins to stimulate cell growth and resistance to programmed cell 

death.

Applied loads are known to trigger activation of many types of receptors by inducing force-

dependent conformational changes154. Compression of the glycocalyx by short molecular 

bonds with an opposing surface must, in turn, generate an equal-and-opposite reaction force 

on the bonds8. For adhesion receptors that are activated by mechanical changes, such as 

integrin155, the conformational changes imposed by this pulling force can strengthen 

receptor attachment and adhesion signalling. Here, the glycocalyx harnesses chemical 

energy from favourable binding interactions and uses this energy to conduct mechanical 

work to induce the conformational change.

An interesting case arises if the glycocalyx of the cancer cell is so thick that it disrupts most 

receptor-mediated interactions between cells and with the ECM. Membrane-tethered mucins 

and HA have long been considered as anti-adhesion molecules that promote cell rounding 

and detachment156,157. For instance, excessive MUC1 expression inhibits integrin–ECM 

interaction and abrogates cell adhesion in multiple cell types, often causing cells to ‘pop off’ 

from their underlying substrate158. MUC4 and MUC21 have also been shown to specifically 

disrupt receptor-mediated adhesion in a manner that is dependent on its backbone polymer 

length159,160.

Complete detachment of cells from the tissue matrix may promote more efficient invasion of 

tissues by cancer cells. Cells can adopt different modes of migration based on their three-

dimensional environment and the strength of attachment to other cells and to the ECM107. In 

the past, it had been thought that efficient tissue invasion was through a mesenchymal 

migration mode that involves strong integrin-dependent adhesion to generate a high traction 

force; essentially, cells grip hard and pull themselves forward107. However, recent studies 

have revealed that once detached from their collective mass, single cancer cells can adopt a 

fast-moving, amoeboid motility that operates independently of integrin adhesion 

receptors161-163. Cancer cells instead migrate by ‘chimneying’ through confined three-

dimensional spaces, relying on nonspecific interactions, potentially mediated by the 

glycocalyx, to provide friction against extracellular structures164.

Outlook

Electrostatics, excluded volume effects and chemo-mechanical coupling are important 

physical principles that underlie the biology of the glycocalyx. Examples of cell-surface pH, 

signalling through soluble factors and tethered molecular interactions are meant to illustrate 

these principles, but are by no means exhaustive. Indeed, chemical affinities, chemical rates, 

molecular transport and equilibrium configurations at the cell surface are broadly dependent 

on the precise physical structure and charge distribution of the glycocalyx. Adaptive changes 

in the glycocalyx structure are a common feature of cell state transitions, including 

differentiation and transformation, and are associated with metabolic reprogramming. This 

Review has focused on perturbations in the cancer cell glycocalyx, in part because these 

changes are comparatively well described. However, the dynamic nature of the glycocalyx 

suggests a role in mediating specialized behaviours in a wide range of cell types.
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The glycocalyx is implicated in regulating molecular behaviours beyond receptors. For 

instance, studies with model membranes suggest that specific sugar polymer structures can 

impose order on membrane lipids165. Organization of glycoproteins may also co-organize 

lipids through their embedded transmembrane domains. Macromolecular crowding on the 

membrane may also provide an entropic force to drive membrane bending166. In addition, 

recent spatially resolved modelling of the intracellular milieu has shown that hydrodynamic 

interactions coupled with crowded structure underlie previously misunderstood 

macromolecular physical dynamics111,112. If such effects play a role in the glycocalyx, this 

could provide further understanding of its function. Future studies must address the 

codependent molecular organizations and morphologies of the glycocalyx, plasma 

membrane and adjacent cytoplasm/cytoskeleton.

Approximating the structure of the cancer cell glycocalyx as a basic polymer brush or 

network is undoubtedly reductionist, but it provides useful physical insights for the early 

stages of hypothesis generation and testing. New details on the dynamic molecular 

organization and connectivity of the glycocalyx are necessary to develop a more 

comprehensive framework of understanding, including on an individual molecular level. For 

instance, bottlebrush polymers demonstrate unique and fascinating ensemble behaviours that 

are being actively considered in the polymer field. Cancer mucins are often decorated with 

glycan side chains of varying structure and grafting density, which could contribute to 

unexpected physical behaviours in the assembled glycocalyx. Addressing such a question 

would challenge the state-of-the-art in both polymer physics and glycobiology, calling for a 

broader partnership between the disciplines. The improved molecular and physical 

understanding is likely to lead to new therapies that can specifically target the altered 

biopolymers in the cancer glycocalyx.
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Fig. 1. Overview of large polymers on the cancer cell surface.
Cell surface receptors (blue) are communication devices that direct cancer cell behaviour. 

These receptors are usually of the order of 20–30 nm and are towered over by glycocalyx 

polymers (orange). a,b, The presence of large polymers can sterically block the interaction 

between receptors and their ligands to prevent cell-cell contacts (a) and impart barrier 

function (b) to block drug molecules (yellow). c, By charge attraction, the presence of 

polyanions may concentrate protons on the cell surface to decrease local pH. d, Top view of 

the cell surface. Glycocalyx polymers can occupy large volumes that exclude receptors as 

they avoid molecular overlaps (purple). This energetically favours the close-packing 

(oligomerization) of small receptors to reduce the excluded volume. e, A moderately dense 

glycocalyx can promote the clustering of cell surface receptors and enhance cell adhesion. 

The black arrows indicate the clustering of receptors towards and into adhesion sites. f, On 

the other hand, an overly dense glycocalyx can increase the spacing between receptors and 

their ligands. This can lead to cell detachment.
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Fig. 2. Glycocalyx architecture and communication interface on the cell surface.
a, Bottlebrush mucin polymers and polyanions such as HA and polysialic acid are common 

structures in the glycocalyx. In cancer, mucin polymers become decorated with a higher 

density of short glycan side chains on the polypeptide backbone (insert). b, The glycocalyx 

as a structural polymer brush and communication interface on the cell surface. A structural 

network composed of glycopolymers including mucins, HA and polysialic acid acts as a 

physically crowded layer shielding cell surface molecules. Large polymers are densely 

arrayed in the cancer cell glycocalyx, creating a crowded network in which embedded cell-

surface receptors must operate. The glycocalyx may be ideally positioned to physically 

mediate or attenuate receptor function on a global level.
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Fig. 3. Physical aspects of polymers.
a, The persistence length, lp, of a polymer is the length scale over which the molecule does 

not bend. The persistence length is directly proportional to polymer bending stiffness. A 

flexible polymer with lp≪l adopts a coiled-up shape without any external forces. On the 

other hand, a polymer with lp≫l does not bend in the absence of external effects and thus is 

rod-like and stiff. Polymers with comparable length scales lp ≈l fall in between, possessing 

intermediate stiffness and adopting partially deformed configurations. b–d, Bottlebrush 

polymers are composed of side chains attached to a polymer backbone, and their structures 

are controlled by the density and length of the attached side chains. Bottlebrush polymers 

with short and infrequent side chains adopt flexible structures (b). Moderate increase in 

glycan frequency or glycan extension stretches out the bottlebrushes partially and enhances 

the persistence length (c). Heavily glycosylated bottlebrush polymers with high glycan 

frequency and extension are extended into stiff rod-like structures with a large persistence 

length (d). e,f, Polymers attached to a substrate with a characteristic polymer size, R, and a 

spacing between polymers of D exhibit two regimes of physical behaviour. Mushroom 

regime: at low densities such that D > R, polymers do not sense neighbouring molecules (e). 

Brush regime: at high surface concentrations, polymers experience steric repulsion with 

neighbours and, to reduce crowding, they extend out into a brush-like structure (f).
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Fig. 4. Cancer cell metabolism is rewired to produce large polymers in the glycocalyx.
Normal cells use nutrients such as glucose to run oxidative phosphorylation that efficiently 

produces energy (dotted grey line). In cancer cells, these nutrients are instead diverted into 

the hexosamine biosynthetic pathway to produce sugar nucleotide monomers and enhance 

the production of glycocalyx polymers such as mucins and HA. Cancer cells also produce 

large amounts of lactic acid and H+ that must be pumped out of the cell to avoid toxicity. 

Supplementing glucose can greatly increase the amount of HA (stained red in the inset) on 

the cell surface (fluorescence images reproduced from ref. 167, American Society for 

Biochemistry and Molecular Biology). ER, endoplasmic reticulum; TCA, tricarboxylic acid.
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Fig. 5. Donnan equilibrium between the glycocalyx and surrounding fluid.
Acting as a semi-permeable polyelectrolyte network, the glycocalyx attracts and traps 

cations from the surrounding fluid. This increases the osmotic pressure or concentration of 

ions in the glycocalyx and reduces the local pH.
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Fig. 6. Excluded volumes depict crowding in the glycocalyx.
a, Molecules have excluded volumes where the centre of another molecule cannot exist. The 

excluded volume of two spheres of size r1 and r2 is proportional to (r1 + r2)3. b,c, Addition 

of a particle (blue) to a box filled with other particles (orange) depicts the implications of 

excluded volume (purple) for molecular transport, as expected for diffusion of soluble 

ligands through the glycocalyx. A small particle encounters small excluded volumes, 

enjoying access to considerable space and several positional states, and thus requires less 

energy to diffuse to the cell surface (b). On the other hand, a large particle finds it difficult to 

enter and diffuse through a crowded environment owing to large excluded volumes and 

consequently requires higher energy for transport (c). d,e, A crowded environment 

energetically favours changes that decrease the total excluded volume of molecules, such as 

conformational shape changes in a protein (d) or the clustering and association of proteins 

(e) on the cell membrane.
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Fig. 7. Tethered ligand binding.
a, Whereas soluble ligands can bind receptors relatively freely, ligands tethered to stiff 

molecules and substrates in the cellular environment can be considerably impeded by a 

spring-like resistance from the tether. b, Typical energy curves for the dissociation of a 

receptor–ligand (RL) complex for soluble and tethered ligands, indicating the effects of the 

tether. Soluble ligands prefer binding receptors and encounter large activation energies for 

dissociation. Tethering the ligand tilts the energy landscape because of the force pulling the 

ligand. Tethered ligands thus encounter smaller activation energies and are more likely to 

dissociate from receptors.
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