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Elena Caravà, Paola Moretto, Ilaria Caon, Arianna Parnigoni, Alberto Passi, Evgenia
Karousou, Davide Vigetti, Jessica Canino, Ilaria Canobbio and Manuela Viola
HA and HS Changes in Endothelial Inflammatory Activation
Reprinted from: Biomolecules 2021, 11, 809, doi:10.3390/biom11060809 . . . . . . . . . . . . . . . . 179

v



Shravan Morla and Umesh R. Desai
Discovery of Sulfated Small Molecule Inhibitors of Matrix Metalloproteinase-8
Reprinted from: Biomolecules 2020, 10, 1166, doi:10.3390/biom10081166 . . . . . . . . . . . . . . . 193

John Garcia, Helen S. McCarthy, Jan Herman Kuiper, James Melrose and Sally Roberts
Perlecan in the Natural and Cell Therapy Repair of Human Adult Articular Cartilage: Can
Modifications in This Proteoglycan Be a Novel Therapeutic Approach?
Reprinted from: Biomolecules 2021, 11, 92, doi:10.3390/biom11010092 . . . . . . . . . . . . . . . . 207

Elena Lantero, Jessica Fernandes, Carlos Raúl Aláez-Versón, Joana Gomes, Henrique
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Glycosaminoglycans (GAGs) are linear, anionic polysaccharides that consist of re-
peating disaccharides of hexosamine and hexuronic acid. The exception to this is keratan
sulfate, whose building blocks consist of hexosamine and galactose. Differences in the
primary disaccharide unit structure regarding uronic acid and hexosamine, the number and
position of the sulfate residues, the presence of N-acetyl and/or N-sulfate groups, and the
relative molecular mass are evident. All such differences bestow these biomolecules with
impressive complexity and diversity. The fine structure of the disaccharide units defines the
types of GAGs. These include chondroitin/dermatan sulfate (CS/DS), heparin/heparan
sulfate (Hep/HS), and keratan sulfate (KS), as well as non-sulfated hyaluronan (HA)
(Figure 1).

GAGs are ubiquitously localized throughout the extracellular matrix (ECM) and to
the cell membranes of cells in all tissues. They are either conjugated to protein cores
in the form of proteoglycans, e.g., CS/DS, HS, and KS, or as free GAGs (HA and Hep).
Through their interaction with proteins, GAGs can affect the cell-extracellular matrix
(ECM) and cell–cell interactions, finely modulating ligand-receptor binding and thus
chemokine and cytokine activities as well as growth factor sequestration. Thus, GAGs
regulate several biological processes under homeostasis; they also participate in disease
progression. Recently, significant advances have been made in the analytic, sequencing, and
structural characterization of GAG oligosaccharides as well as in GAG profiling in tissues
and cells (GAGomics). Moreover, studies focused on the structure/sequence-function
relationships of GAGs have resulted in critical novel insights. Furthermore, advances
in the characterization of protein–GAG complexes provide invaluable tools to decipher
GAG’s roles in the intricate tissue milieu and answer critical questions regarding GAG
participation in the molecular basis of disease and embryonic development.

This Special Issue of Biomolecules, entitled “Exploring the multifaceted roles of gly-
cosaminoglycans (GAGs)—new advances and further challenges”, features original research
and review articles. These articles cover several timely topics in structural biology and imag-
ing; morphogenesis, cancer, and other disease therapy and drug developments; tissue engi-
neering; and metabolic engineering. This Special Issue also includes an article illustrating
how metabolic engineering can be used to create the novel chondroitin-like polysaccharide.

A prerequisite for communicating in any discipline and across disciplines is famil-
iarity with the appropriate terminology. Several nomenclature rules exist in the field of
biochemistry. The historical description of GAGs follows IUPAC and IUB nomenclature.
New structural depictions such as the structural nomenclature for glycan [1] and their
translation into machine-readable formats [2,3] have opened the route for cross-references
with popular bioinformatics resources and further connections with other “omics”.
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Figure 1. Cartoon representation of the chemical constitution of the five families of GAGs and of six categories of proteoglycans
(aggrecan; decorin, perlecan, and collagen; glypican; and syndecan and serglycin). ES, extracellular; IS, intracellular; N, nucleus;
SV, secretory vesicle. (Adapted from K. Rodgers, J.D. San Antonio, O. Jacenko. Dev Dyn. 2008, 237, 2622–2642).

1. Structure and Imaging

The structural heterogeneity of GAGs complicates the composition and sequence
analysis of GAGs. No less than 200 different monosaccharides have been identified; this has
resulted in a very high number of disaccharide segments exhibiting high conformational
flexibility. In addition, there have also been intrinsic difficulties in establishing the three-
dimensional structures of GAGs. Despite these difficulties and recognizing that the shape
of molecules is a fundamental principle in chemistry, physics, and biology, scientists are
developing experimental and computational tools to elucidate and understand molecular
shapes and molecular motions. Elisabeth Whitmore and collaborators [4] report on the
development of efficient atomic resolution models using molecular GAG dynamics. They
illustrate the outcome of their application for the case of non-sulfated chondroitin, which
may provide insights and arguments for the understanding of disciplines where molecular
dynamics play a crucial role.

There is a healthy dialogue between computational and experimental endeavors, a
typical example being the structural determination of the oligo of GAGS and polysaccharides
and their interactions with proteins. Results have accumulated over time due to X-ray single-
crystal diffraction methods, X-ray fiber diffractometry, solution NMR spectroscopy, and
scattering data. These data have been curated, annotated, and organized before their
structuration into a three-dimensional database containing three-dimensional data on GAGs
and GAGs–protein complexes retrieved from the PDB [5]. The database includes protein
sequences and the standard nomenclature for GAG composition, sequence, and topology. It
provides a family-based classification of GAGs that is cross-referenced with glyco-databases
with links to UniProtKB via accession numbers. The 3D visualization of contacts between
GAGs and their protein ligands is implemented via the protein–ligand interaction profiler
(PLIP). The nature of the structure that GAG polysaccharides can adopt, either solid-state
or solution, is also reported. Finally, characterized quaternary structures of the complexes
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improve our understanding as to if and how GAGs participate in long-range, multivalent
binding with potential synergy when several chains are involved in interactions.

Molecular interactions involving GAGs are not restricted to proteins. Many authors
consider the large GAG polymeric backbones and their chemical properties to be essential
features for the rational design of drug delivery and diagnostic systems. Magnetic reso-
nance imaging is an established diagnostic method for which GAGs, when adequately
decorated, offer the benefit of contrast enhancers.

The administration of a paramagnetic contrast agent, such as a metal chelate, such as
gadolinium diethylene triamine penta-acetic acid (Gd-DTPA), helps visualize relative GAG
distribution in vivo. For example, the negative charge of the contrast agent will distribute
itself within articular cartilage in a spatially inverse relationship to the concentration of
negatively charged GAG molecules. Alfonso Ponsiglione and collaborators [6] explore the
range of advantages that could represent fine control over the combination of GAGs and
imaging agents in the formulation of novel multifunctional diagnostic probes.

2. Morphogenesis and Development

GAGs, as essential constituents of the human glycome, play pivotal roles in a mul-
titude of biological processes during embryonic development and in the maintenance of
homeostasis. Such roles can be observed throughout the structural mold of aggregan and
the diversity of its decoration by GAGs. The development of vertebrates from a single cell
to the generation of various cell types and organs is carried out throughout a synchronized
developmental program consisting of the spatial and temporal coordination of specific
signaling molecules, including morphogens and growth factors. The importance of specific
arrangements of GAG chains on aggrecan in all of its forms is also a primary morpho-
genetic functional determinant. It provides aggrecan with unique tissue-context-dependent
regulatory properties. The versatility displayed by aggrecan in biodiverse contexts is a
function of its GAG side chains [7].

The article by Colin-Pierre et al. [8] describes the evolution of heparan sulfate pro-
teoglycans in hair follicles. The heparan sulfate proteoglycan distribution in hair follicles
has traditionally been done by conventional histology, biochemical analysis, and immuno-
histochemistry. The authors use the absorption region that is relevant to sulfation as a
spectral marker. This is performed using infrared spectral imaging (IRSI), which has been
used intensively for cell (spectral cytology) and tissue (spectral histology) characterization.
Supported by Western blot and immunohistochemistry analysis, infrared spectral imaging
specifically shows the qualitative and/or quantitative evolution of the GAGs expression
pattern between the anagen, catagen, and telogen phases. Moreover, this demonstrates
that IRSI could be utilized for GAG cytology and tissue characterization.

3. Therapy: GAGs as Targets and Novel Therapy Agents

GAGs are essential ECMs and cell membrane components and are extensively altered
under various pathological conditions, including cancer. Indeed, during disease progres-
sion, the fine GAG structure and expression change in a manner that is associated with
disease evolution. Furthermore, pathological conditions are characterized by the extent
of GAG remodeling that is either due to the increased expression of glycosidases or to a
chemical reaction with elevated, radical oxygen species. Specific disease-dependent GAG
alterations have been identified as druggable entities, with industry and academic research
efforts examining their potential in drug development. Berdiaki et al. [9] discuss the up-to-
date developments of implementing GAG disease-dependent changes in two directions:
(i) utilizing GAGs as the targets of therapeutic strategies and (ii) employing GAG specificity
and excellent physicochemical properties for the targeted delivery of cancer therapeutics.

Faria-Ramos et al. [10] specifically focus on the role of HS in carcinogenesis. Due to
HS’s well-established regulation of critical cellular receptors and respective downstream
signaling pathways and the aberrant expression of HS in tumor tissue, these GAGs have
been characterized as modulators of malignant features. This review article highlights the
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significant clinical potential of HS to improve both the diagnosis and prognosis of cancer,
either as HS-based biomarkers or as therapeutic targets [10].

GAG functions are implicated in inflammatory processes. Notably, cardiovascular
disease propagation and the inflammatory status of tissues are closely correlated. The
treatment of endothelial cells with the cytokine TNF-α, which is known to be increased in
obese patients and has been reported to induce cardiometabolic diseases, strongly affects
the expression patterns of hyaluronan and the HS-containing proteoglycans known as
syndecans [11]. These changes seem to facilitate the onset of a pathological state by altering
(i) the endothelial barrier properties, (ii) increasing HA in the pericellular coat and the
possibility of consequent monocyte recruitment from the blood; or (iii) altering the sulfa-
tion pattern of membrane-bound HS, which can cause modifications to the endothelium
response to growth factors and cytokines. Therefore, the authors confirm the critical role of
ECM components such as GAGs in disease progression.

Matrix metalloproteinases (MMPs) are endopeptidases that are able to cleave both
matrix and non-matrix proteins. MMPs activity and the resulting extracellular matrix
remodeling are increased in acute and chronic diseases and are correlated with disease
pathogenesis. Thus, the enhanced activity of MMP-8 facilitates the progression of various
pathologies, including atherosclerosis, pulmonary fibrosis, and sepsis. Since natural GAGs
are known to modulate the functions of various MMPs, the synthetic non-sugar mimetics
of GAGs have been hypothesized to inhibit MMP-8 activity. The strategy of Moria and
Desai [12], upon screening a library of 58 synthetic, sulfated mimetics consisting of a dozen
scaffolds, led to the identification of sulfated benzofurans and sulfated quinazolinones as
promising inhibitors of MMP-8. Interestingly, this work provides the first proof that the
sulfated mimetics of GAGs could lead to potent, selective, and catalytic activity-tunable,
small molecular inhibitors of MMP-8.

Due to the lack of blood vessels and the consequently limited bioavailability of oxygen
and nutrients, articular cartilage has restricted regenerative capacity, resulting in frequent
degenerative disease in older individuals. Therefore, therapeutic strategies limiting or
halting the progression of cartilage destruction are an unmet health need. Perlecan, a mul-
tifunctional HS proteoglycan, promotes embryonic cartilage development and stabilizes
mature tissue. Using immunohistochemistry, Garcia et al. [13] showed a pericellular and
diffuse matrix staining pattern for perlecan in both natural and cell-therapy-repaired carti-
lage. This observation was related to whether the morphology of the newly formed tissue
was hyaline cartilage or fibrocartilage. In addition, immunostaining was significantly more
enhanced in these repair tissues for perlecan than it was for normal age-matched controls
and was sensitive to heparanase treatment. Thus, the modulation of HS could be helpful in
the treatment of degenerative cartilage disease.

A novel, interesting therapeutic function of heparin has been shown by Lantero et al. [14].
Indeed, these authors report an antimalarial activity of heparin. Innovative antimalarial strate-
gies are urgently needed as plasmodium parasites continue to express increased resistance
to the available drugs that have been developed against plasmodium parasites. Heparin
delivered in membrane feeding assays together with Plasmodium berghei-infected blood of
Anopheles stephensi mosquitoes was shown to inhibit the parasite’s ookinete–oocyst transition
by binding the ookinetes. The inhibition of the parasite life-cycle by heparin might represent
a new antimalarial strategy for rapid implementation and is an excellent example of the
ubiquitous use of these multifaceted molecules.

4. Biomarkers

Because the expression of GAGs and their fine structure are markedly altered in
disease, these features could have an essential clinical implementation. Malignant pleural
mesothelioma (MPM) is a highly aggressive and therapy-resistant pleural malignancy with
poor prognoses and short patient survival. When patients’ pleural infusion was analyzed
by a Luminex multiplex assay, syndecan-1 (SDC-1) and MMP-7 levels were significantly
lower, whereas mesothelin and galectin-1 levels were significantly higher in malignant

4



Biomolecules 2021, 11, 1630

mesothelioma effusions compared to in adenocarcinoma. Javadi et al. [15] suggest that
MMP-7, shed SDC-1, mesothelin, and galectin-1 can be diagnostic and that VEGF and
SDC-1 are prognostic markers in MPM patients. Indeed, this study confirms the vital role
of ECM components in malignant disease progression.

5. Tissue Engineering and Biomaterial

GAGs are native components of the ECM that drive cell behavior and control the
microenvironment surrounding cells, making them promising therapeutic targets for many
diseases. Recent studies have shown that the recapitulation of cell interactions with ECM
is critical in tissue engineering, which aims to mimic and regenerate endogenous tissues.
Because of this, the incorporation of GAGs to drive stem cell fate and to promote cell
proliferation in engineered tissues has gained increasing attention. This review article [16]
summarizes the role of glycosaminoglycans in tissue engineering and their recent use in
these constructs. In addition, the evaluation of the general research trends in this niche
offers insight into future research directions in this field.

Hyaluronan displays such properties as biocompatibility, biodegradability, high vis-
coelasticity, and immunoneutrality, making it attractive for biomedical and pharmaceutical
applications. Furthermore, from the standpoint of physical properties, the polyelectrolyte
nature of negatively charged hyaluronan provides a way to create new high-performance
complexes. One such complex occurs when hyaluronan self-assembles with a positively
charged lactose-modified chitosan. The authors of this investigation [17] show that the
complex that is formed has a monodisperse molecular weight distribution and a high
viscosity and is susceptible to enzymic degradation by hyaluronidase and lysozyme. Due
to the wide range of applications in biomedicine and biotechnology, the development of
such polyelectrolyte complexes is of scientific and biotechnological interest.

The conjunction of the wide range of biological activities and unique physicochemical
properties confer a distinctive place as an implantable biomaterial used in orthopedics and
traumatology to hyaluronan. Infections related to implanted medical devices depend on the
bacterial capability to establish highly structured multilayered biofilms on artificial surfaces.
One way to prevent such peri-implant infection is to apply an implanted biomaterial,
defensive antibacterial coating (DAC), which can act as a resorbable barrier that delivers
local antibiofilm and antibacterial compounds. The copolymer of hyaluronic acid and
poly-D, L-lactic acid produces a hydrogel that retains the hydrophobic character of the
poly-D, L-lactide sidechains and the hydrophilic character of a hyaluronic acid backbone.
The suitability of such a hydrogel depends on the stability and degradation of both the
hyaluronan backbone and the polylactic chains over time and temperature. T. Guzzo and
her collaborators [18] performed chromatographic analysis and explored the suitability of
diffusion-ordered NMR spectroscopy to characterize the outcome of the biomaterial over
time in physiological conditions.

6. Metabolic Engineering

Bacterial cells exhibit a wide diversity of capsular polysaccharides that constitute the
cell surface of the outer membrane and that mediate interactions with the environment. The
capsules are often composed of GAG-like polymers. The structural similarity of microbial
capsular polysaccharides to these biomolecules makes these ideal bacteria candidates
for non-animal GAG-derived products. It is true that the capsular polysaccharide of
Escherichia coli K4, the chondroitin synthase polymerase, KfoC, synthesizes a chondroitin-
like polysaccharide. While exploring novel methods and conditions to produce chondroitin
via metabolic engineering, Leroux and her colleagues expressed KofC in a recombinant
strain of Escherichia coli deprived of 4-epimerase activity [19]. They realized that KfoC
could polymerize a GalNAc-free polysaccharide, giving rise to a novel GAG that they
call chondbiuronan.
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7. Conclusions

While the authors of these articles discussed the multifaceted features of GAGs, they
are all well motivated by specific applications in biology and medicine and will develop ap-
propriate tools that are likely to be important in structuring a large amount of available data
and opening the field to cross-disciplinary endeavors. We hope that these articles will not
only provide timely case studies but that they will also form the basis of a series of questions
aimed at answering the broader question of what remains to be solved about GAGs?
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Abstract: Glycosaminoglycans (GAGs) are linear, structurally diverse, conformationally complex
carbohydrate polymers that may contain up to 200 monosaccharides. These characteristics present a
challenge for studying GAG conformational thermodynamics at atomic resolution using existing
experimental methods. Molecular dynamics (MD) simulations can overcome this challenge but
are only feasible for short GAG polymers. To address this problem, we developed an algorithm
that applies all conformational parameters contributing to GAG backbone flexibility (i.e., bond
lengths, bond angles, and dihedral angles) from unbiased all-atom explicit-solvent MD simulations
of short GAG polymers to rapidly construct models of GAGs of arbitrary length. The algorithm
was used to generate non-sulfated chondroitin 10- and 20-mer ensembles which were compared to
MD-generated ensembles for internal validation. End-to-end distance distributions in constructed
and MD-generated ensembles have minimal differences, suggesting that our algorithm produces
conformational ensembles that mimic the backbone flexibility seen in simulation. Non-sulfated
chondroitin 100- and 200-mer ensembles were constructed within a day, demonstrating the efficiency
of the algorithm and reduction in time and computational cost compared to simulation.

Keywords: molecular dynamics; glycosaminoglycan; proteoglycan; chondroitin sulfate; carbohydrate
conformation; carbohydrate flexibility; glycosidic linkage; ring pucker; force field; explicit solvent

1. Introduction

The diverse group of protein–carbohydrate conjugates called proteoglycans (PGs) is a fundamental
component of tissue structure in animals and can be found in the extracellular matrix (ECM)
as well as on and within cells. PGs bind growth factors [1–12], enzymes [2,12], membrane
receptors [12], and ECM molecules [2,12,13]. By doing so, they modulate signal transduction [13,14],
tissue morphogenesis [2,8–11], and matrix assembly [2,15–17]. PG bioactivity is often dependent on
the covalently linked carbohydrate chains called glycosaminoglycans (GAGs), which are linear, highly
negatively charged, and structurally diverse carbohydrate polymers. GAGs mediate receptor–ligand
complex formation by either forming non-covalent complexes with proteins or inhibiting the formation
of complexes with other biomolecules. This makes GAGs key modulators in many diseases, giving
them potential therapeutic applications. For example, heparan sulfate (HS) is released during sepsis
and induces septic shock [18,19]; the removal of chondroitin sulfate (CS) may enhance memory
retention and slow neurodegeneration in patients with Alzheimer’s disease [20–22]; and dermatan
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sulfate (DS) deficiency has been implicated in Ehlers–Danlos syndrome, thus the screening of DS in
urine could be used as an early diagnostic tool [23,24].

GAG binding sites on proteins are determined by protein sequence and structure, with requirements
for both shape and charge complementarity [12,25]. Thus, GAG function depends on GAG
three-dimensional structure and conformation. Even subtle structural differences impact GAG function.
For example, while CS and DS have many functional differences, the only structural difference is
in the chirality of the uronic acid monosaccharides. While much is known about GAG function,
attempting to study GAG conformational thermodynamics at atomic resolution presents a largely unsolved
problem for existing experimental methods. This is largely due to the structural and conformational
complexities of GAGs. For example, a given GAG consists of a repeating sequence of a particular
disaccharide, but conformational complexity is introduced through flexibility in the glycosidic linkages
between monosaccharides [26–30] (Figure 1). Additional complexity results from non-template-based
synthesis [31] and variable enzymatic sulfation [32], which means a biological sample of a GAG
composed of a specific disaccharide repeat will be polydisperse and heterogeneous owing to the variable
length and sulfation of the individual polymer molecules. Liquid chromatography–mass spectrometry
(LC-MS) [33–35], X-ray crystallography [36–41], and nuclear magnetic resonance (NMR) [42–45] are used
to study GAGs but are limited in their ability to account for all of these complexities. Additionally,
some studies have used results from LC-MS [45], X-ray crystallography [46], and NMR [46–51] to compare
and validate conformational data from molecular dynamics (MD) simulations. This suggests that MD
simulations can produce results complementary to experimental analysis methods by providing realistic
three-dimensional atomic-resolution molecular models of GAG conformational ensembles [52–56].
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Figure 1. Compact non-sulfated chondroitin 20-mer conformation arising from flexible glycosidic
linkages (red) between monosaccharide rings (GalNAc in blue and GlcA in cyan). The molecular
graphics throughout are produced with the VMD program [57].

A critical challenge with MD simulations of GAGs is that a single biological GAG polymer chain
may contain up to 200 monosaccharide units [9]. When fully solvated, the resulting system will have
in excess of 106 atoms. It is not feasible to routinely simulate such a system using current graphics
processing unit (GPU)-accelerated MD codes with a modern GPU and multi-core CPU. This limits the
utility of all-atom explicit-solvent MD as a tool for routine conformational analysis of GAGs of this size.

Coarse-grained (CG) MD simulations are the most feasible current alternative to all-atom
explicit-solvent MD as they entail fewer degrees of freedom for the solute [48] and often an implicit
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(continuum) description of the solvent [58,59]. This can make CG MD two to three orders of magnitude
faster, thereby allowing for the handling of large systems [60], such as GAG 200-mers. Indeed, a recent
CG model using glycosidic linkage and ring pucker energy functions has provided previously-unseen
details of the structure–dynamics relationship of GAGs in the context of PGs [48]. An important
insight from that study was that GAGs, in contrast to the unique ordered conformations of folded
proteins, need to be considered as existing in conformational ensembles containing a large diversity of
three-dimensional conformations.

As an alternative approach to using CG MD to generate such conformational ensembles for GAGs,
we propose using glycosidic linkage and monosaccharide ring conformations from unbiased all-atom
explicit-solvent MD simulations [56,61–63] of short GAG polymers to rapidly construct conformational
ensembles for GAGs of an arbitrary length. Toward this end, we studied a non-sulfated chondroitin
20-mer with the sequence [-4 glucuronate β1-3 N-acetylgalactosamine β1-]10 for its simplicity and
homogeneity. We first ran microsecond-scale all-atom explicit solvent MD on the 20-mer and used the
resulting trajectories to develop a database of conformations. From this database, we randomly selected
individual values for the bond lengths, bond angles, and dihedral angles in the glycosidic linkages
connecting glucuronate (GlcA) and N-acetylgalactosamine (GalNAc) and in the monosaccharide
rings. These values were used to construct a 20-mer conformational ensemble. The comparison
of the constructed ensemble with the MD-generated ensemble of 20-mer conformations revealed
similar end-to-end distance distributions, with a strong bias toward extended conformations in both
cases. Short end-to-end distances associated with more compact conformations were facilitated by the
sampling of non-4C1 ring puckering by GlcA. This change in ring geometry, which occurs rarely on
the microsecond timescale, introduced kinks into the polymer, causing it to bend back toward itself.
The fact that the MD-generated ensemble had a great deal of variability in both end-to-end distances and
radii of gyration demonstrates the inherent flexibility of the chondroitin polymer in aqueous solution.
The fact that the constructed ensemble has very similar conformational properties to the MD-generated
ensemble suggests that there is little correlation between the individual dihedral angle values that
determine the internal geometry of a given conformation. Therefore, on the timescale of the simulations,
non-sulfated chondroitin 20-mer does not appear to have any higher-order structure, in contrast to,
for example, the secondary and tertiary structure seen in proteins. This lack of higher-order structure
was borne out in a comparison of end-to-end distances for constructed vs. MD-generated ensembles
of 10-mers, with the constructed ensemble built using the 20-mer database. Finally, we used the
methodology to produce conformational ensembles of 100-mers and of 200-mers. The ability to model
polymers with biologically-relevant chain lengths (e.g., 100- to 200-mers) will provide insights into
GAG binding by other biomolecules. This will be especially useful in understanding the formation of
complexes containing multiple biomolecules bound to a single GAG.

Other programs that construct three-dimensional atomic-resolution models of GAG polymers
exist, for example, Glycam GAG Builder [64], POLYS Glycan Builder [65], CarbBuilder [66], and
MatrixDB GAG Builder [67,68], which allow the user to choose GAG type, length, and sequence and
are useful tools for producing an initial structure for MD simulations. Glycam and POLYS Glycan
Builder allow the user either to specify particular glycosidic linkage dihedral angle values or use
default parameters pulled from their databases. The databases used by Glycam, POLYS Glycan
Builder, and Carb Builder include GAG mono- and disaccharide structures determined by molecular
mechanics and/or MD. MatrixDB pulls from databases of experimentally determined conformations
of GAG disaccharides from crystallized GAG–protein complexes. While the user has the option to
choose the GAG length, these tools are intended for shorter GAG polymers. In contrast to these tools,
our algorithm pulls from a database of full conformational landscapes of unbound GAG 20-mers.
Additionally, our algorithm is intended for modeling long GAG polymers with biologically-relevant
chain lengths and can quickly produce large ensembles (e.g., on the order of 10,000 3-D models) of
polymer conformations that we would expect to see in simulation. Thus, it eliminates the need for
simulation, reducing time and computational cost.
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2. Materials and Methods

2.1. Molecular Dynamics

2.1.1. System Construction

Coordinates for all systems were constructed using the CHARMM software [69–71] v. c41b2 with
the CHARMM36 (C36) biomolecular force field for carbohydrates [56,61–63]. Of note, it has been
shown that MD simulations can reproduce ring puckers observed by NMR [49–51], with one study
demonstrating the capacity of the CHARMM36 force field to reproduce NMR data for an iduronate
derivative in the context of a heparin analogue [51]. The initial conformation for an MD simulation of
non-sulfated chondroitin 20-mer was fully extended, with glycosidic linkage dihedrals φ = −83.75◦ and
ψ = −156.25◦ in all GlcAβ1-3GalNAc linkages and φ = −63.75◦ and ψ = 118.75◦ in all GalNAcβ1-4GlcA
linkages. These glycosidic linkage dihedral angle values were found to be the most energetically
favorable in MD-simulated, non-sulfated chondroitin disaccharides [54]. All other internal coordinates
were taken from the force-field files. In this conformation, the 20-mer had an end-to-end distance
of 101.8 Å and was solvated in a cubic periodic unit cell with an edge length of 124.3 Å (~63,000
water molecules). The explicit solvent consisted of the TIP3P water model [72,73], neutralizing Na+
counterions, and 140 mM sodium chloride.

2.1.2. Energy Minimization and Heating

The NAMD program [74] v. 2.12 (http://www.ks.uiuc.edu/Research/namd/) was used to minimize
the potential energy for 1000 steps using the conjugate gradient method [75,76] then heat the system
to the target temperature of 310 K by reassigning velocities from a random distribution at the target
temperature every 1000 steps for 20,000 steps with a timestep of 0.002 ps (40 ps). During heating,
harmonic positional restraints were placed on non-hydrogen atoms of the solute and constraints [77–79]
were applied to maintain equilibrium values for TIP3P geometries and for bond lengths involving
hydrogen atoms. The Lennard–Jones (L-J) [80] and electrostatic potential energies had cutoff distances
of 10 Å. An energy switching function [81] was applied to L-J interactions between 8 and 10 Å and an
isotropic pressure correction accounted for contributions from L-J interactions beyond the cutoff [82].
The particle mesh Ewald (PME) method [83] with fourth order B-spline interpolation for a cubic unit
cell and fast Fourier transform (FFT) grid spacing of 1.0 Å along each axis was used to account for
electrostatic interactions beyond the cutoff. Consistent with the CHARMM additive force fields for
proteins, nucleic acids, lipids, and small molecules [84], carbohydrate 1-4 non-bonded interactions
were not scaled (i.e., scaling factor = 1.0). Heating was done under constant pressure with pressure
regulated at 1 atm by a Langevin Piston barostat [85]. A 500,000-step (1-ns) unbiased constant particle
number/constant pressure/constant temperature (NPT) MD run, followed with a temperature of 310 K
maintained by a Langevin thermostat [86] and without positional restraints. The average periodic
cell parameters from the last half of this NPT ensemble trajectory (123.7 Å) were used as cell basis
vectors for the quadruplicate canonical (NVT) ensemble MD simulations detailed below. These were
preceded by minimization and heating as detailed above, with the exception of constant volume (i.e.,
no Langevin piston barostat) with a box edge length of 123.7 Å.

2.1.3. Production Simulations

Unbiased canonical (NVT) ensemble MD was run using CHARMM software with the OpenMM
GPU acceleration interface [87–92] on CUDA platform and GTX 1080 Ti graphics cards (NVIDIA Corp.,
Santa Clara, USA.). Non-bonded interaction truncations and energy calculations were performed
using the same methods from the heating stage, and Ewald summation of Gaussian electrostatic charge
density distributions [93,94] with a width of 0.320 was performed. The SHAKE algorithm [77] was
used to constrain all water geometries and bonds involving hydrogen atoms using bond distances from
the parameter table and the leapfrog Verlet integration algorithm [95] was used for Langevin dynamics
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with a friction coefficient of 0.1 ps−1, a constant temperature of 310 K, and a 0.002-ps timestep. Prior to
production, each of four replicates was equilibrated for 50,000 steps (100 ps). Simulations were run
for 250,000,000 steps (500 ns) and atomic coordinates were saved at 25,000-step (50-ps) intervals for
analyses (10,000 snapshots per quadruplicate simulation).

2.1.4. Conformational Analysis

Chondroitin conformational properties were quantified by bond length, bond angle, and dihedral
angle values. Glycosidic linkage conformational values considered were bond lengths for C1-O and
O-Cn, bond angles defined by O5-C1-O and C1-O-Cn, and φ and ψ dihedral angles with IUPAC
definitions: φ = O5-C1-O-Cn and ψ = C1-O-Cn-C(n−1) (Figure 2). Glycosidic linkage dihedral free
energies ∆G(φ, ψ) were analyzed to characterize potential conformational patterns. φ, ψ dihedral
values from the MD-generated 20-mer ensemble are taken to have uniform probabilities. ∆G(φ, ψ)
is therefore computed by binning these values into 2.5◦ × 2.5◦ bins and then using the relationship
∆G(φi,ψj) = -RTln(nij) – k, where nij is the bin count for the bin corresponding to φi, ψj, R is the universal
gas constant, T is the temperature of the MD simulations, and k is chosen so that the global minimum
is located at ∆G = 0 kcal/mol.
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Figure 2. Non-sulfated chondroitin trisaccharide with glycosidic linkage dihedral angles,
monosaccharide ring atoms, and linker oxygen atoms labeled; glycosidic linkage parameters used in
the construction algorithm include C1-O and O-Cn bond lengths, O5-C1-O and C1-O-Cn bond angles,
and φ = O5-C1-O-Cn and ψ = C1-O-Cn-C(n−1) dihedral angles.

Geometric values defining monosaccharide ring conformations included all bond lengths,
bond angles, and dihedral angles within the ring and in exocyclic functional groups that are not
part of a glycosidic linkage. To characterize potential conformational patterns in monosaccharide
rings, Cremer-Pople (C-P) ring-puckering parameters (φ, θ, Q) of each monosaccharide ring in the
MD-simulated 20-mer ensemble were computed. Conformations of each element (i.e., each GlcA
monosaccharide, GalNAc monosaccharide, β1-3 linkage, and β1-4 linkage) were extracted separately
from each saved snapshot of the 20-mer MD trajectories. Initially, data were separated out by
run and residue/linkage number and aggregated across all snapshots in each run to determine if
conformational data were the same in different runs and if individual linkage and ring conformations
are dependent upon one another. Subsequently, all individual conformations were aggregated across
all snapshots in all runs (e.g., 10,000 snapshots * 4 runs * 10 GlcA monosaccharides = 400,000 samples
of GlcA monosaccharide conformations) to yield one set of data for each of: (1) GlcA monosaccharide
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conformation, (2) GalNAc monosaccharide conformation, (3) β1-3 linkage conformation, and (4) β1-4
linkage conformation.

2.2. Construction Algorithm to Generate GAG Conformational Ensembles

The conformational data described above served as inputs to an algorithm we developed
to generate chondroitin polymer conformational ensembles of user-specified length and with a
user-specified number of conformations. The algorithm works as follows:

1. In each constructed polymer conformation, each glycosidic linkage and monosaccharide ring is
treated independently, and conformational parameters are randomly selected from the database
containing the corresponding linkage or ring conformations from the 20-mer MD trajectories;

2. Two CHARMM stream files are written, one to define the sequence and linkages in the polymer
and another to perform the following procedure for each frame: (1) All internal geometry
conformation values selected by the algorithm are assigned and used to construct atomic
coordinates. (2) End-to-end distance (i.e., distance between C1 of the reducing end and C4 of
the non-reducing end) and radius of gyration are calculated. (3) A 100-step steepest descent
(SD) potential energy minimization followed by a 100-step conjugate gradient minimization,
each with intramolecular restraints, is performed to relieve bonded strain and steric clashes.
The Lennard–Jones potential (EL−J) is calculated on an atom–atom pair (i, j) basis using an
energy switching function, as implemented in CHARMM with ron = 7.5 Å and roff = 8.5 Å [69].
As there is no solvent and thus no solvent screening of electrostatic interactions, electrostatics
are excluded from energy calculations to prevent the non-physical intramolecular association
of charged and polar groups. All glycosidic linkage and endocyclic ring dihedral angles, along
with a dihedral angle in each GlcA carboxylate group (C4-C5-C6-O61) and GalNAc N-acetyl
group (C-N-C2-C3), are restrained to their starting values (i.e., those randomly selected from the
database) during minimization so as not to change the conformations observed in simulation.
Dihedral restraint energy (Erdihe) is calculated by comparing each restrained dihedral angle’s
database value (φ0) to its value (φ1) in the current frame of minimization with a force constant
(kdihe) of 100.0 kcal/mol/radian/radian (Equation (1))

Erdihe = kdihe ∗
∑

(φ1 −φ0)
2 (1)

3. To ensure conformational ensembles do not contain non-physical conformations, a bond potential
energy (Eb) cutoff is applied. This cutoff is the sum of a polymer-length-specific cutoff and a
constant independent of polymer length. The length-specific component of the cutoff is the
bond potential energy after energy minimization, performed using the same restraints and
minimization protocol used for each frame of the constructed ensemble (outlined above), of the
polymer constructed in a fully-extended conformation (i.e., with the same glycosidic linkage
φ and ψ angles as the starting conformation for MD simulations). The constant is added as a
buffer to account for slight variations in the energies of other extended conformations. As linkage
and ring conformations are treated independently and selected at random, it is possible to
have a bond piercing another monosaccharide ring that may not be corrected by minimization.
To estimate the ring-piercing bond strain energy for each exocyclic bond not participating in
a glycosidic linkage, a system containing two non-bonded monosaccharides (i.e., GlcA and
GalNAc, GlcA and GlcA, or GalNAc and GalNAc) was constructed such that an exocyclic bond
of one monosaccharide pierces the ring of the other. To estimate the bond strain energy for
each bond participating in a glycosidic linkage, a system containing one disaccharide unit (i.e.,
GlcAβ1-3GalNAc or GalNAcβ1-4GlcA) and a single monosaccharide (i.e., GlcA or GalNAc)
was constructed such that a linkage bond in the disaccharide pierces the ring of the single
monosaccharide. Systems containing interlocking rings (i.e., GlcA-GalNAc, GlcA-GlcA, and
GalNAc-GalNAc) were also constructed to estimate the bond strain energy of the bonds piercing
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the opposite ring. The same energy minimization protocol used in the algorithm was performed
on this conformation, as well as a conformation in which the non-bonded saccharide units
are 20 Å apart, and the post-minimization lengths of the bond piercing the ring in the initial
conformation were compared. The pierced bond length (x2), the non-pierced bond length (x1),
and the equilibrium bond length (x0) and corresponding force-field bond-stretching constant (kb)
from the CHARMM parameter file were used to estimate a lower bound on the energy (∆Eb)
resulting from the bond distortion (Equation (2)).

∆Eb = kb ∗
[

(x2 − x0)
2
− (x1 − x0)

2
]

(2)

Of all conformations that still had a bond piercing a ring after minimization, the smallest ∆Eb =

132.3 kcal/mol. Of the conformations in which ring piercing was corrected during minimization,
the maximum ∆Eb < 1 kcal/mol. Thus, a buffer of 100 kcal/mol is added to the post-minimization
bond potential of the initial extended conformation for any given polymer length. If the
post-minimization bond potential of a given frame is beyond this cutoff, the frame is excluded
from the ensemble.

For internal validation of our implementation of the algorithm, bond length probability
distributions for each type of bond (i.e., C-C single bond, C-O single bond, C=O double bond,
C-O partial double bond of GlcA carboxylate group, C2-N single bond between GalNAc amide
and ring carbon, C-N single bond within GalNAc amide, C-H bond, O-H bond, and N-H bond),
free energies ∆G(φ, ψ) for β1-3 and β1-4 glycosidic linkages, C-P parameters of GlcA and GalNAc
monosaccharide rings, end-to-end distance distributions, and scatterplots of radius of gyration as a
function of end-to-end distance from MD-generated ensembles and constructed ensembles both before
and after energy minimization were compared. Additionally, bond potential energy distributions from
constructed ensembles after energy minimization were plotted to verify that the algorithm calculated
an appropriate energy cutoff and gave the expected energy distributions for the given polymer size.

To assess the expediency of application of MD-generated 20-mer conformations to construct
chondroitin polymers of variable length, we constructed a non-sulfated chondroitin 10-mer ensemble
using the algorithm and compared it to chondroitin 10-mer conformational ensembles generated by
MD using the same protocol as the 20-mer simulations. We also constructed conformational ensembles
of a non-sulfated chondroitin 100-mer and 200-mer to demonstrate the efficacy and efficiency of our
algorithm to construct conformational ensembles of chondroitin polymers with biologically-relevant
chain lengths.

3. Results and Discussion

3.1. Glycosidic Linkage Geometries

In non-sulfated chondroitin 20-mer MD simulations, we found that all φ, ψ dihedrals sampled
in GlcAβ1-3GalNAc linkages were centered about a global free energy minimum (Min I) while
GalNAcβ1-4GlcA linkages showed more flexibility. In addition to a global minimum, ∆G(φ, ψ) for
GalNAcβ1-4GlcA also has two local minima (Min II and Min II’) (Figure 3 and Table 1). To validate
these observed glycosidic linkage geometries, we looked at the free energy minima of non-sulfated
chondroitin glycosidic linkage dihedrals from biased MD simulations of disaccharides (using dihedral
definitions φ = O5-C1-O-Cn and ψ = C1-O-Cn-C(n+1) as opposed to the IUPAC ψ = C1-O-Cn-C(n−1)

used in our study) [54] (Table S1). We found that at each free energy minimum in β1-3 and β1-4
linkages, our φ dihedrals differed by no more than +/-2.5◦ and our ψ dihedrals differed by no
more than +/-127.5◦, which is in close agreement if we assume C1-O-C3-C2 = C1-O-C3-C4 + 120◦

and C1-O-C4-C3 = C1-O-C4-C5 - 120◦. Additionally, our data were mostly in agreement with the
most energetically-favorable glycosidic linkage dihedrals (i.e., at global minima) in non-sulfated
chondroitin hexasaccharides from MD simulations (using dihedral definitions φ = O5-C1-O-Cn and ψ
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= C1-O-Cn-C(n+1)) and validated by NMR [96] (Table S1). The biggest difference was in our β1-3 ψ
dihedrals, which differed by about +100◦ (+120◦ difference expected). This study restrained pyranose
rings to a 4C1 chair and did not use explicit solvent in simulations. Each of these factors may contribute
to interactions between neighboring monosaccharides and thus glycosidic linkage conformation, which
would explain the variation from our results.
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Figure 3. ∆G(φ, ψ) in non-sulfated chondroitin 20-mer ensembles for aggregated GlcAβ1-3GalNAc and
GalNAcβ1-4GlcA glycosidic linkage data (a,b) MD-generated ensembles, (c,d) constructed ensembles
before minimization, and (e,f) constructed ensembles after minimization; contour lines every 1 kcal/mol.

Table 1. Glycosidic Linkage Dihedrals (φ, ψ) 1 and Free Energy (∆G(φ, ψ) kcal/mol) Minima.

MD-Generated 20-mer Ensemble
Constructed 20-mer Ensemble
(Before Energy Minimization)

Constructed 20-mer Ensemble
(After Energy Minimization)

GlcAβ1-3
GalNAc

GalNAcβ1-4
GlcA

GlcAβ1-3
GalNAc

GalNAcβ1-4
GlcA

GlcAβ1-3
GalNAc

GalNAcβ1-4
GlcA

Min φ, ψ ∆G φ, ψ ∆G φ, ψ ∆G φ, ψ ∆G φ, ψ ∆G φ, ψ ∆G

I
−81.25◦,
−153.75◦ 0.00 −66.25◦,

116.25◦ 0.00 −76.25◦,
−148.75◦ 0.00 −66.25◦,

116.25◦ 0.00 −81.25◦,
−153.75◦ 0.00 −68.75◦,

121.25◦ 0.00

II
−58.75◦,
−33.75◦ 1.57 −61.25◦,

−33.75◦ 1.54 −58.75◦,
−33.75◦ 1.57

II’
−86.25◦,
−73.75◦ 1.80 −86.25◦,

−73.75◦ 1.71 −86.25◦,
−78.75◦ 1.73

1 φ, ψ dihedral angles were sorted into 2.5◦ bins.
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For internal validation of the construction algorithm, we compared glycosidic linkage input
and output data. If the algorithm is performing correctly, ∆G(φ, ψ) from the MD ensemble and the
constructed ensemble before minimization will be nearly identical, and ∆G(φ, ψ) from the constructed
ensemble after minimization will not be substantially different. Performing the comparison between
the ensemble of 40,000 20-mer conformations from the MD and a constructed ensemble of the same
size confirms this to be the case. Figure 3 demonstrates that ∆G(φ, ψ) for GlcAβ1-3GalNAc and for
GalNAcβ1-4GlcA glycosidic linkages are qualitatively identical when comparing the MD-generated
and constructed ensembles. Quantitative analysis (Table 1) shows that the global minima (Min I) for
both types of linkages and the secondary local minima (Min II and Min II’) for GalNAcβ1-4GlcA
linkages are basically identical with 0◦ to 5◦ differences between the MD-generated input data and
the constructed ensemble output data before minimization. The minimization in the construction
algorithm, used to resolve any steric clashes, results in relatively minor changes in the location of the
global minima, also ranging from 0◦ to 5◦. Constructed ensemble glycosidic dihedral values after
minimization are within 5◦ of the MD data, and ∆G(φ, ψ) values are within 0.1 kcal/mol.

As detailed in Methods and discussed below, the minimization portion of the construction
algorithm not only relieves any steric clashes, but also is used to detect bond-strain energies indicative
of ring piercing. The close similarity of ∆G(φ, ψ) for the constructed ensemble after minimization
in comparison to the MD-generated ensemble suggests that few constructed conformations have
large steric clashes, resulting in large conformational shifts after minimization. It also suggests that
a few constructed conformations have ring-piercing events that necessitate their exclusion from the
constructed ensemble altogether. Indeed, this is the case: during the creation of the 40,000-member
constructed ensemble, only 18 conformations were excluded because they failed to meet the bond-strain
energy criterion.

3.2. GlcA Ring Pucker Effects

An initial implementation of the construction algorithm used default force-field geometries for
all GalNAc and GlcA rings. The result was that all GalNAc and GlcA rings in an algorithmically-
constructed conformation had the same internal geometries. Ensembles constructed using this version
of the algorithm had longer average end-to-end distances than MD-generated ensembles (Figure S1),
which meant that, on average, constructed conformations were overly extended. The default force-field
ring pucker geometry for both types of monosaccharides was 4C1. With that ring pucker, all βGlcA
and all but one βGalNAc exocyclic functional groups are equatorial, and therefore the 4C1 ring pucker
is expected to be strongly preferred to other ring pucker geometries. To validate this simple approach
to assigning ring pucker geometry, we computed C-P parameters of each monosaccharide ring in
the MD-simulated 20-mer ensemble (10 * 40,000 = 400,000 ring conformations for each of the two
monosaccharide types). As seen in NMR and force-field studies, the stable 4C1 chair ring pucker was
the principal conformer for both GlcA [50,96–99] and GalNAc [46,96,98,100] in the MD simulations,
with slight deformations (0◦ < C-P θ < 30◦) (Figure 4a,b). However, a small minority of GlcA ring
conformers were skew-boat or boat, namely 3S1, B1,4, 5S1, 2,5B, 2SO, B3,O, 1S3, 1,4B, and 1S5 (60◦ < C-P θ
< 120◦) (Figure 4b). Studies that performed unbiased MD simulations with other force fields observed
skew-boat and boat ring puckers of non-sulfated GlcA monosaccharides on the microsecond timescale,
but the occurrences were negligible due to high energy barriers [50,98]. In line with those findings,
we observed only occasional GlcA skew-boat and boat pucker transitions in chondroitin 20-mers in
our 500-ns unbiased CHARMM simulations. However, the C-P φ values in non-4C1 GlcA conformers
in these studies differed from ours. Specifically, one study found 2SO, B3,O, 1S3, 1,4B, and 1S5 [98].
Slight differences could be explained by differing ion concentrations which likely impacted pyranose
ring puckers [101]. However, it is likely that the differences primarily result from intramolecular
interactions. The aforementioned literature data come from simulated GlcA monosaccharides only,
whereas our results come from simulated chondroitin 20-mers.
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Figure 4. Cremer–Pople data for GalNAc and GlcA in (a,b) MD-generated ensembles and constructed
ensembles (c,d) before and (e,f) after energy minimization; geometries from the four sets of each type
of ensemble are represented by red, green, blue, and magenta dots, respectively and the force-field
geometry is represented by a single large black dot. Cremer–Pople parameters (φ, θ) for all rings in
every tenth snapshot from each ensemble were plotted (i.e., 10 rings * 1,000 snapshots per run * 4 runs =
40,000 parameter sets). As the algorithm reads all ring conformations sampled in MD, not all datapoints
in panels (c–f) are seen in panels (a,b) but the full MD-generated dataset contains all datapoints in the
constructed ensembles.

The MD-generated 20-mer GlcA ring conformations can be separated into two broad categories:
those that do not introduce a kink into the polymer and those that do. With the inclusion of 4C1,
the former category encompasses 4C1 and 2SO GlcA ring puckers, both of which place the two glycosidic
linkage oxygen atoms, located at opposite ends of the ring, in an equatorial conformation (Figure 5a).
As such, the O-C1 and C4-O bond vectors therein are approximately parallel and promote extended
polymer conformations. The latter category encompasses 3S1, B1,4, 5S1, 2,5B, B3,O, 1S3, 1,4B, and 1S5 GlcA
ring puckers (Figure 5b). These ring puckers all place one of these glycosidic linkage oxygen atoms in
the equatorial position and the other in the axial position. For these ring puckers, the O-C1 and C4-O
bond vectors are approximately perpendicular, which results in a kink in the polymer chain, and can
reduce end-to-end distance even when the remainder of the polymer is fully extended (Figure 5b).
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Figure 5. (a) 20-mer conformation with a 2SO GlcA conformer (colored by atom type with flanking
linkage atoms highlighted in purple) and close-ups of GlcA monosaccharide rings in 4C1 and 2SO

conformations (shows endocyclic ring atoms and linker oxygen atoms only); (b) 20-mer conformation
with a kink at a 5S1 GlcA conformer (colored by atom type with flanking linkage atoms highlighted in
purple) and GlcA monosaccharide rings in 5S1, 3S1, B1,4, 2,5B, B3,O, 1S3, 1,4B, and 1S5 conformations
(shows endocyclic ring atoms and linker oxygen atoms only); (c) 20-mer conformation with a curve
caused by flexible glycosidic linkage geometries (highlighted in purple) and all monosaccharides in
4C1 conformations; all images came from MD-generated ensembles.

19



Biomolecules 2020, 10, 537

As such, the final version of the construction algorithm uses MD-generated ring conformations
instead of default force-field topology geometries. As an added benefit, this approach includes not
only MD-generated ring dihedral angles but also bond lengths and angles. Using this finalized version
of the algorithm, the peak in the end-to-end distance histogram for the constructed ensemble was
shifted left compared to that resulting from force-field topology ring geometries (Figure 6 vs. Figure S1)
and much more closely matches the reference MD-generated ensemble data. This finding shows the
importance of accounting for ring flexibility in constructing chondroitin glycosaminoglycan polymer
conformations similar to those sampled in all-atom explicit-solvent MD simulations. Of note, the radius
of gyration was also analyzed as a function of end-to-end distance in MD-generated and constructed
ensembles after minimization (Figure S2a,b). These results showed that the radius of gyration is highly
correlated with end-to-end distance in both MD-generated and constructed ensembles.
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Figure 6. End-to-end distance probability distribution of MD-generated (blue dashed lines) and
constructed (red solid lines) 20-mer ensembles; each type of ensemble includes four sets of 10,000
conformations; probabilities were calculated for end-to-end distances sorted into 0.5 Å bins.

While polymer kinks from ring puckering can lead to the shortening of polymer end-to-end
distances, they are not required to achieve this. For 20-mers, flexibility in the glycosidic linkages
even with 4C1 ring puckering in all constituent monosaccharides can be sufficient to produce compact
conformations (Figure 5c). Furthermore, because of the flexibility in the glycosidic linkages flanking
non-4C1 ring puckers, polymer kinks from ring puckering do not always lead to compact conformations.
Thus, the leftward shift in the end-to-end distance histogram upon the inclusion of non-4C1 ring
puckers supplements glycosidic linkage flexibility in yielding compact conformations.

3.3. Treating Glycosidic Linkage and Ring Pucker Geometries as Independent Variables

To determine if linkage geometries and ring deformations are interdependent, individual glycosidic
linkage ∆G(φ, ψ) plots (Figure S3) were created (as opposed to the aggregate data ∆G(φ, ψ) plots in
Figure 3) and no distinguishing patterns emerged. These per-linkage glycosidic linkage data were
also examined in the context of C-P plots of adjacent rings (Figure S4), for which there were also no
distinguishing patterns. Additionally, φ and ψ values in linkages flanking GlcA rings not in a 4C1 chair
conformation were checked. For each linkage type, these conformations were all centered about the
global ∆G(φ, ψ) minima for the aggregate data (Figure 3), and 99.96% of conformations fell within the
basin extending to ∆G(φ, ψ) = +2 kcal/mol (Figure 7). Furthermore, different types of non-4C1 chair
conformers did not have unique flanking linkage geometries. As no connection between linkage and

20



Biomolecules 2020, 10, 537

ring conformations was observed in this analysis of the MD data, each linkage conformation and ring
pucker was treated independently in the construction algorithm.
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Figure 7. ∆G(φ, ψ) plots for glycosidic linkages flanking non-4C1 GlcA conformers in non-sulfated
chondroitin 20-mer MD-generated ensembles: (a) GlcAβ1-3GalNAc and (b) GalNAcβ1-4GlcA.

3.4. Handling Non-physical Constructed Conformations

To determine a criterion to exclude non-physical conformations from constructed ensembles,
energy minimization with restrained endocyclic ring and glycosidic linkage dihedrals was performed
on each conformation, and post-minimization bond potential energy and bond length probability
distributions were analyzed. Conformations with outlying bond energies and abnormally long
bonds may point to ring piercing (Figure 8) that cannot be fixed by minimization. To confirm
this possibility, the post-minimization conformations with bond energies greater than that of the
fully-extended 20-mer conformation after minimization were visualized. As anticipated, among these
conformations, most with outlying total bond energies contained pierced rings which were not resolved
by minimization. For each of the 12 20-mer conformations with a pierced ring, the difference between
the post-minimization bond energy and that of the fully-extended 20-mer conformation is greater than the
predicted energy change caused by bond distortions of that pierced ring (Table S2). The six conformations
with outlying bond energies that did not contain pierced rings had kinks that resulted in bond length
and bond angle distortions in glycosidic linkages that were nearly overlapping even after minimization.
Of note, those conformations with bond energies that were not outlying were fully extended. These findings
motivated using a bond potential energy cutoff in the construction algorithm. As stated previously, applying
this cutoff resulted in 18 conformations being excluded during creation of the 40,000-member constructed
ensemble. The resulting constructed ensemble contains no outlying bond lengths (Figure S5).

Dihedral angles before and after energy minimization were compared by analyzing glycosidic
linkage ∆G(φ, ψ) (Table 1 and Figure 3c–f), monosaccharide ring C-P parameters (Figure 4c–f), and the
change in φ and ψ dihedral angles due to minimization. All ∆G(φ, ψ) and C-P plots after energy
minimization match those from before energy minimization and 99.6% of all φ and ψ dihedral angle
differences before and after minimization are within 4◦ (Figure S6). This confirms that dihedrals do not
undergo any major changes during minimization. Additionally, differences in end-to-end distance
before and after minimization were calculated and the maximum change is 2.13 Å with 99.9% of
changes under 0.5 Å, confirming that overall backbone conformation does not change as a result
of minimization. According to these results, the selected bond potential energy cutoff and restraint
scheme during minimization give conformations with little deviation from the initial constructed
conformations before minimization.
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Figure 8. Constructed 20-mer conformation with a GlcA ring pierced by a GalNAc C-CT bond and a
close up panel showing atoms involved in the ring pierce; Eb = 787.7 kcal/mol, fully-extended 20-mer
post-minimization Eb = 29.6 kcal/mol, ∆Eb = 758.1 kcal/mol (Table S2).

3.5. Internal Validation on 10-mers

To further validate the algorithm and test the use of conformational parameters from MD-generated
20-mer ensembles to construct polymers of variable length, we constructed non-sulfated chondroitin
10-mer ensembles and compared them to MD-generated 10-mer ensembles. All linkage and most
ring conformations in MD-generated 10-mer (Figure 9 and Figure S7) and 20-mer ensembles matched
(Figure 3a,b and Figure 4a,b), with the exception of non-4C1 GlcA rings which were not sampled
in 10-mer simulations. This finding, combined with the report from NMR and force-field studies
that GlcA skew-boat and boat conformations are negligible in non-sulfated chondroitin mono- and
oligosaccharides [50,98], suggests that these GlcA conformations may result from intramolecular
interactions in longer GAG polymers.
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Figure 9. ∆G(φ, ψ) plots for each glycosidic linkage in non-sulfated chondroitin 10-mer MD-generated
ensembles: (a) GlcAβ1-3GalNAc and (b) GalNAcβ1-4GlcA.

Additionally, the end-to-end distance distributions of constructed and MD-generated 10-mer
ensembles matched with minimal difference in the most probable end-to-end distance (Figure 10
and Table 2). Further, the radius of gyration is highly correlated with end-to-end distance in both
MD-generated and constructed ensembles (Figure S2c,d). Of note, the end-to-end distance distributions
of MD-generated 20-mer ensembles more closely matched those of 20-mer ensembles constructed
using MD-generated 20-mer conformations (Figure 6) than those of 20-mer ensembles constructed
using MD-generated disaccharide conformations (Figures S8 and S9). Together, these findings suggest
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that MD-generated 20-mer conformational parameters are ideal for constructing chondroitin polymers
of different lengths.                   
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Figure 10. End-to-end distance probability distribution of MD-generated (blue dashed lines) and
constructed (red solid lines) 10-mer ensembles; each type of ensemble includes four sets of 10,000
conformations; probabilities were calculated for end-to-end distances sorted into 0.25 Å bins.

Table 2. Most Probable End-to-End Distances (d) in MD-Generated and Constructed Ensembles 1.

20-mer Ensembles 10-mer Ensembles

MD-Generated
d (Å)

Constructed
d (Å)

%
Difference

MD-Generated
d (Å)

Constructed
d (Å)

%
Difference

Run 1 88.5 83.0 45.25 44.50

Run 2 88.5 85.5 45.25 43.50

Run 3 86.0 85.0 45.50 44.50

Run 4 86.5 85.0 45.25 44.25

All 2 88.5 85.0 4.03% 45.25 44.50 1.671%
1 Probabilities were calculated for end-to-end distances sorted into 0.5 Å bins for the 20-mer ensembles and 0.25 Å
bins for the 10-mer ensembles. 2 All = end-to-end distance distribution aggregated across all four runs.

3.6. Application to Longer Chondroitin Polymers

To implement the algorithm in the construction of conformational ensembles of non-sulfated
chondroitin polymers of biologically-relevant chain lengths, chondroitin 100-mer and 200-mer
ensembles were constructed and the end-to-end distance (Figures 11 and 12), radius of gyration
(Figure S2e,f), and bond potential energy distributions (Figure S10c,d) were examined. The skewness of
the end-to-end distance distributions shifts toward the right with increasing polymer length. This stands
to reason, as there is a greater chance of folding with longer chains. This also explains why there are
more frames excluded from these ensembles (i.e., 457 and 1407 frames excluded from the 100-mer and
200-mer ensembles, respectively). Bond potential energy distributions have similarly-shaped curves
in all polymer lengths (Figure S10) and energy values increase linearly as a function of atom count
(Figure S11). These results suggest that 100-mer and 200-mer conformational ensembles constructed
using our algorithm (Figures 11 and 12) are reasonable predictions of biological conformations given
their high number of degrees of freedom.

23



Biomolecules 2020, 10, 537
                   

 
      ‐ ‐             ‐      

                  ‐ ‐          
            ‐     ‐       ‐   ‐ ‐  

                 

Figure 11. (a) End-to-end distance probability distribution of constructed 100-mer ensemble; includes
four sets of 10,000 conformations; probabilities were calculated for end-to-end distances sorted into 5 Å
bins. (b,c) Snapshots of the non-sulfated chondroitin 100-mer having the most-probable end-to-end
distance (225 Å in both snapshots) from constructed ensembles.
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Figure 12. (a) End-to-end distance probability distribution of constructed 200-mer ensemble; includes
four sets of 10,000 conformations; probabilities were calculated for end-to-end distances sorted into 10
Å bins. (b,c) Snapshots of the non-sulfated chondroitin 200-mer having the most-probable end-to-end
distance (300 Å in both snapshots) from constructed ensembles.

4. Conclusions

With (1), all bond, bond angle, and dihedral angle conformational parameters from MD
incorporated into the algorithm, (2) monosaccharide rings and glycosidic linkages treated independently,
(3) energy minimization performed on each constructed conformation, and (4) a bond potential energy
cutoff applied, end-to-end distance probability distributions from constructed and MD-generated
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ensembles match with minimal differences in most probable end-to-end distances (Table 2 and Figures 6
and 10–12) suggesting that our algorithm produces conformational ensembles that mimic the backbone
flexibility seen in MD simulations of non-sulfated chondroitin polymers.

Our program is also valuable for its efficiency. For example, the fully-solvated chondroitin 20-mer
system contains ~191,000 atoms and took about one month to simulate. It took only about 12.5 h to
construct the 20-mer conformational ensembles using our algorithm, in which all end-to-end distances,
radii of gyration, bond lengths, dihedral angles, monosaccharide ring PDB files for C-P analysis
of every tenth frame, and bond and system potential energies before and after minimization, C-P
parameters of every GlcA ring in every frame, and PDBs of all conformations with bond energies
greater than that of the fully-extended 20-mer (including conformations with pierced rings) are written.
The fully-solvated chondroitin 10-mer system contains ~36,000 atoms and took about five days to
simulate. The 10-mer ensembles were constructed using our algorithm in about 40 min and energies,
dihedral angles, end-to-end distances, and radii of gyration after minimization, C-P parameters of
every GlcA ring in every frame, and PDBs of all conformations with bond energies greater than that
of the fully-extended 10-mer were written. Fully-solvated chondroitin 100-mer and 200-mer systems
would contain ~3,370,000 atoms and ~75,450,000 atoms, respectively. Systems of this magnitude
are not feasible to simulate with current computational resources but if they could be simulated,
they would take on the order of years to complete. Construction of the chondroitin 100-mer and
200-mer conformational ensembles using our algorithm took about four and nine hours, respectively,
and the algorithm produced the same output data types as for the 10-mer (n.b.: these timings are less
than the 20-mer timing above because of all of the additional output written to disk for analysis in the
case of the 20-mer ensemble construction).

In conclusion, our algorithm, incorporating glycosidic linkage and monosaccharide ring
conformations from the MD simulation of non-sulfated chondroitin 20-mers, can be used to efficiently
generate conformational ensembles of non-sulfated chondroitin polymers of arbitrary length. We are
investigating the applicability of this approach to various sulfo-forms of CS and different types of
GAGs, including hyaluronan (HA), dermatan sulfate (DS), heparan sulfate (HS), and keratan sulfate
(KS). Given the variability and complexity of GAGs, as well as existing barriers to the experimental
characterization of the three-dimensional conformational properties of GAGs of lengths relevant in the
context of PGs, there are currently very few efforts to target GAGs. We anticipate that the presented
algorithm, combined with experimental data on PG core proteins and conformational analysis of the
linker tetrasaccharide [48,52,102–104], may provide a useful means of generating atomic-resolution
three-dimensional models of full PGs. The algorithm could also be used to model full GAG–protein
complexes, which may provide insights into potential interactions between multiple biomolecules
within a single GAG complex. The ability to model these complex biomolecules would be a key step
towards improving understanding of GAG bioactivity, assessing the druggability of GAGs, designing
agonists or antagonists to treat disease, and developing diagnostic tools. Thus, this methodology may
open a new avenue into disease modulation.

Supplementary Materials: The following are available online http://www.mdpi.com/2218-273X/10/4/537/s1,
Table S1: Comparison to Observed Literature Values of Glycosidic Linkage Dihedrals (φ, ψ) in Non-Sulfated
Chondroitin, Table S2: Bond Energies of Constructed Chondroitin 20-mer Conformations with Pierced Rings,
Figure S1: End-to-end distance probability distribution of 20-mer ensembles generated by MD and an early
version of the construction algorithm which applied glycosidic linkage geometries from MD-generated 20-mer
ensembles, Figure S2: Scatterplots of radius of gyration as a function of end-to-end distance in MD-generated and
constructed chondroitin ensembles, Figure S3: ∆G(φ,ψ) plots for each glycosidic linkage in the chondroitin 20-mer
from MD-generated ensembles, Figure S4: Cremer-Pople plots for each monosaccharide ring in the chondroitin
20-mer from MD-generated ensembles, Figure S5: Probability histograms of bond lengths for each type of bond
in the chondroitin 20-mer from MD-generated and constructed ensembles, Figure S6: Probability histogram
showing changes in glycosidic linkage φ and ψ dihedral angles during energy minimization in constructed
20-mer ensembles, Figure S7: Cremer-Pople plots of GalNAc and GlcA in MD-generated chondroitin 10-mer
ensembles, Figure S8: End-to-end distance probability distribution of chondroitin 20-mer ensembles generated
by MD and an early version of the construction algorithm which applied glycosidic linkage geometries from
MD-generated non-sulfated chondroitin disaccharide ensembles, Figure S9: ∆G(φ,ψ) plots for GlcAβ1-3GalNAc
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and GalNAcβ1-4GlcA glycosidic linkages in MD-generated non-sulfated chondroitin disaccharide ensembles
and 20-mer ensembles constructed using glycosidic linkage dihedral probabilities from these MD-generated
disaccharide ensembles, Figure S10: Bond energy distribution probability histograms from constructed 10-, 20-,
100-, and 200-mer ensembles, Figure S11: Average bond energies as a function of polymer length.
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Abstract: Glycosaminoglycans (GAGs) are complex linear polysaccharides. GAG-DB is a curated
database that classifies the three-dimensional features of the six mammalian GAGs (chondroitin sulfate,
dermatan sulfate, heparin, heparan sulfate, hyaluronan, and keratan sulfate) and their oligosaccharides
complexed with proteins. The entries are structures of GAG and GAG-protein complexes determined
by X-ray single-crystal diffraction methods, X-ray fiber diffractometry, solution NMR spectroscopy,
and scattering data often associated with molecular modeling. We designed the database architecture
and the navigation tools to query the database with the Protein Data Bank (PDB), UniProtKB,
and GlyTouCan (universal glycan repository) identifiers. Special attention was devoted to the
description of the bound glycan ligands using simple graphical representation and numerical format
for cross-referencing to other databases in glycoscience and functional data. GAG-DB provides
detailed information on GAGs, their bound protein ligands, and features their interactions using
several open access applications. Binding covers interactions between monosaccharides and protein
monosaccharide units and the evaluation of quaternary structure. GAG-DB is freely available.

Keywords: glycosaminoglycans; three-dimensional structure; database; polysaccharide conformation;
protein-carbohydrate interactions

1. Introduction

Proteoglycans (PGs) constitute a diverse family of proteins that occur in the extracellular matrix
(ECM) and pericellular matrix (PCM) and on the surface of mammalian cells. They consist of a core
protein and one or more covalently attached glycosaminoglycan (GAG) chains. PGs play critical
roles in numerous biological processes, which are mediated by both their protein part and their GAG
chains [1,2].

GAGs refer to six major polysaccharides in mammals: chondroitin sulfate (CS) [3], dermatan
sulfate (DS), heparin (HP), heparan sulfate (HS) [4,5], hyaluronan (HA) [6], and keratan sulfate [7,8].
Their molecular mass ranges from a few kDa to several million Da for hyaluronan. Despite significant
compositional differences, GAGs also share common features. They are linear polysaccharides made of
disaccharide repeats. The disaccharides are composed of uronic acid and an hexosamine, alternatively
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linked through 1-4 and 1-3 glycosidic bonds (Figure 1), except for keratan sulfate, which involves
galactose (Galp) and N-acetylglucosamine (GlcpNAc) [7]. In contrast to the five other GAGs, hyaluronan
is not sulfated and does not bind covalently to proteins to form proteoglycans. Variations in the pattern
of GAG sulfation at various positions, create an impressive structural diversity. Two hundred and
two unique disaccharides of mammalian GAGs have been identified so far, including 48 theoretical
disaccharides in HS [9].

In addition to their contribution to the physicochemical properties of PGs, GAGs play an essential
role in the organization and assembly of the extracellular matrix. They also regulate numerous
biological processes by interacting with proteins in the extracellular milieu and at the cell surface.
The six mammalian GAGs were shown to interact with 827 proteins in the recently published GAG
interactome [10].

Many of these GAG interactions have been investigated and characterized in health and disease.
According to [10], they take place in various locations (intracellular, cell surface, secreted, and blood
proteins) and the protein partners range from individual growth factors (e.g., fibroblast growth factor-2)
to large multidomain extracellular proteins such as collagens I and V, and fibronectin with different
affinity and half-life [11,12]. These proteins are involved in a variety of biological processes such
as extracellular matrix assembly, cell signaling, development, and angiogenesis [10,13,14]. Besides,
glycosaminoglycans play a role in host-pathogen interactions by binding to bacterial, viral, and parasite
proteins [15–20]. The significance of the understanding and mastering the molecular features underlying
the interaction of GAGs to proteins was magistrally demonstrated by the development of the
antithrombotic drugs as reviewed in [21].

–

Figure 1. Main repeating units of glycosaminoglycans. The color-coding of the constituting
monosaccharide complies with SNFG nomenclature [22]. The abbreviations are as follows: Glcp for
glucose, Idop for idose), Galp for galactose, N for amine, S for sulfate, A for acid, and NAc for N-acetyl.
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The length, sequence, substitution pattern, charge, and shape of GAGs control both their
physicochemical properties and their biological functions. Understanding the functions of GAGs
first requires methods to accurately assess their molecular weight, their composition and their
sequences. This is made possible through ongoing progress in mass spectrometry, and heparan
sulfate has been sequenced by liquid chromatography-tandem mass spectrometry (LC-MS/MS) [23–27].
Furthermore, the structural and conformational complexity of GAGs challenges the characterization
of their three-dimensional features using either experimental or theoretical methods. In a sense,
GAGs concentrate most on the difficulties faced in structural glycoscience. They combine the challenges
associated with both glycans and polyelectrolytes. Several experimental techniques have been used to
solve GAG structures, including fiber X-ray crystallography, nuclear magnetic resonance (NMR) [28,29],
electron microscopy, small-angle X-ray scattering (SAXS) [30], and neutron scattering (elastic incoherent
neutron scattering EINS [31], and small-angle neutron scattering SANS [32]. Still, no single technique
can cope with such complexity, but, computational methods offer valuable tools to integrate partial
information collected experimentally. These, in turn, are useful to validate and improve simulation
strategies. However, these approaches remain limited due to the intrinsic properties of GAGs. Like any
other complex glycans, they are highly flexible, create many solvent-mediated interactions and have
a polyanionic character. Nevertheless, progress in this field is underway, as detailed in [33] that
investigates structures from monosaccharides to polysaccharides.

GAG-protein complex structures available in the PDB have been compiled by Samsonov and
coworkers [34]. They concluded that this dataset does not represent the diversity of natural GAG
sequences. It implies that computational approaches will be critical in understanding GAG structural
biology and their mechanisms of interaction with their protein partners [35–37]. Significant progress
has been made to investigate GAG structures, isolated and complexed with proteins, both at all-atom
and coarse-grained levels [33,38–41]. However, appropriate tools for data mining of GAG-protein
interactions are still missing [12,14].

MatrixDB (http://matrixdb.univ-lyon1.fr/) is a biological database focused on molecular
interactions between extracellular proteins and polysaccharides [42]. It offers the first step to investigate
the molecular mechanisms of GAGs-protein interactions. In this resource, building and displaying the
three-dimensional structural models of GAGs was rationalized through an effort to standardize the
format of GAGs sequences and group GAG disaccharides into a limited number of families [9]. However,
the relative spatial orientations of key GAG chemical groups interacting with (potential) “hot spots”
on the proteins was not characterized. The conformational features displayed by the long-chain
GAGs polysaccharides were not considered either. To move forward, we collected further evidence of
experimental GAG and GAG-protein interaction data, from databases and in the relevant literature.

Experimental details of protein or protein complex three-dimensional structures are comprehensively
recorded in the Protein Data Base [43] While being an essential repository, the glycan-related data stored
in the PDB is not easily accessible to non-glycoscientists. This difficulty was identified in the glycoscience
community and gave rise to several initiatives. Tools were designed to correct inconsistencies in the
data [44–46]. Data was organized in publicly available databases, cross-referenced, and interoperable
with the glycomic, and other omic, databases to ease data access and analysis, such as Glyco3D [47],
UniLectin3D [48], and MatrixDB [42] for GAG-extracellular protein complexes. We now report the
development of GAG-DB, a database containing three-dimensional data on GAGs and GAGs-protein
complexes retrieved from the PDB. It includes protein sequences and standard nomenclature of
GAG composition, sequence, and topology. It provides a family-based classification of GAGs,
cross-referenced with glyco-databases, with links to UniProtKB via accession numbers [49]. The 3D
visualization of contacts between GAGs and their protein ligands is implemented via the protein-ligand
interaction profiler (PLIP) [50] and the nature of the structure that GAG polysaccharides can adopt,
either in the solid-state or in solution is also reported. Finally, characterized quaternary structures
of the complexes improve understanding if and how GAGs participate in long-range, multivalent,
binding with the potential synergy when several chains are involved in interactions.
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2. The GAG-DB Database Construction and Utilization

2.1. Database Construction

GAG-DB is available at https://www.gagdb.glycopedia.eu. The database is populated with
information extracted from the PDB [51]. It includes the three-dimensional structural information on
GAG and GAG oligosaccharides in interaction with proteins. We propose a classification based on
the nature of GAGs, e.g., hyaluronan, heparin/heparan sulfate, chondroitin sulfate/dermatan sulfate,
and keratan sulfate. GAG mimetics are included, as long as they appear in the PDB. The content of
GAG-DB is focused on three-dimensional data, with an appropriate curation of the nomenclature,
and extended related information. The entries are structures of GAGs and GAG protein complexes
obtained by a wide range of methods.

To avoid any confusion; we note that under the name GAG database, a resource to gather genomic
annotation cross-references has been developed and published in 2013 (The GAG database: a new
resource to gather genomic annotation cross-references, T Obadia, O Sallou, M Ouedraogo, G Guernec,
F Lecerf and published (Gene. 2013;5;527(2):503-9., DOI:10.1016/j.gene.2013.06.063. Epub 16 2013 July).
Available annotation data includes all transcripts and their identifiers, functional description of genes,
chromosomal localisation, gene symbols, gene homologs for model species (human, chicken, mouse),
and several identifiers to link those genes to external databases (UniProt, HGNC).

The GAG-DB database contains 15 entries of long-chain GAGs established from fiber X-ray
diffraction. A value of 3.0 Å is assigned to the structural models that have been proposed from
X-ray fiber diffraction, and to 0 for those established by solution NMR or X-ray scattering (the
structures are not filtered). It also contains 125 manually curated entries extracted from PDBe [52,53]
(September 2020 release). These three-dimensional structures have been experimentally determined
with methods involving either X-ray single-crystal diffraction, or X-ray fiber diffraction and solution
NMR, in conjunction with molecular modeling. The number of GAG-protein complexes amounts to
105. The value of the resolution index indicates the accuracy of the experimental conditions, high values
(e.g., 4 Å) indicate a poor resolution and low values (e.g., 1.5 Å) a good resolution. The median
resolution for X-ray crystallographic data in the Protein Data Bank is 2.05 Å. Proteins of the database
can be grossly separated into enzymes and skeletal proteins. Interestingly, the size distribution of
oligosaccharides complexed with proteins varies from 34 disaccharides to only one polysaccharide
with a degree of polymerization (DP) of 10 (DP 3 (1), DP 4 (18), DP 5 (13), DP 6 (15), DP 7 (7), DP 8 (8),
and DP 9 (1). More than 80% of the GAGs involved in the complexes are heparin and hyaluronic acid
oligosaccharides. However, these figures tend to reflect the interest of a community in investigating
those GAGs more obviously involved in biological and biomedical applications.

Our collection is far from covering the molecular diversity of GAGs. This lack of data echoes
the limitations of carbohydrate synthesis that fails to provide sufficiently long sequences needed to
properly investigate the molecular features driving interactions with proteins. Nonetheless, progress is
in sight, as recently described in [54,55].

The representation of GAGs sequences complies with recommended nomenclatures and formats,
the IUPAC condensed being the reference (http://www.sbcs.qmul.ac.uk/iupac/2carb/38.html) [56].
Each sequence is also encoded in a machine-readable GlycoCT format [57,58], and depicted in SNFG
(Symbol Nomenclature for Glycan) [22], following the description provided in [9].

At present, information associated with each entity of the database is added manually. This allows
for proper curation and annotation, at the expense of a time lag between the date of deposition and
the date of release in the database. Technically, the database was developed with PHP version 7,
Bootstrap version 3 and MySQL database version 7. The interface is compatible with all devices and
browsers. The pages are dynamically generated to match user-selected search criteria in the query
window. Interactive graphics are developed in JavaScripts on D3JS libraries version 3. A tutorial is
available on the first page.
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2.2. Description of the Search Interface

The database can be searched and explored with an advanced search tool handling a range
of criteria.

Figure 2 shows the different fields that can be searched. Possible inputs are:

• The name of the polysaccharide gag_name, or its protein ligand, macromolecule_name.
• Cross-entries with external databases, such as pdb, UniProt, and repository GlytouCan.
• The biological role, such as function, process, or cellular compartment (compliant with Gene

Ontology terms).
• The origin such as organism.
• The experimental condition(s) used to solve the structure: method and resolution.
• Characteristics of the GAG such as nature, (is_gag differentiates GAG and mimetics) and size

(gag_max, gag-length, and gag-mass).
• Codes used for ligands in the Protein DataBase, pdb_ligand (nomenclature of the Chemical

Component Dictionary. www.ebi.ac.uk/pdbe-srv/pdbechem/), or as encoded in LINUCS (Linear
Notation for Unique description of Carbohydrate Sequences [58]), which provides access to
WURCS (Web3 Unique Representation of Carbohydrate Structures [59]).











Figure 2. Multiple criteria of the advanced search in the GAG DB database.

2.3. Curated Information for Each GAG Entry

For each entry, a detailed page is available, with 3D visualization, interactions, conformations,
nomenclature, and links to external databases (Figure 3). The PDB code assigned to each entry is used
to list alternative structures and to display additional information. Each structure is related to a protein
with a UniProt accession number [49]. Each oligosaccharide is given a GlyTouCan identifier [60].
The 3D structures of the protein and the interacting GAG are visualized directly and interactively with
LiteMol [61] and NGL Viewers [62]. High-resolution images of both the protein-GAG complex and the
GAG are available for download. The atomic coordinates of the GAG, isolated from its interaction
with the proteins, can also be downloaded for further use.

GAG-DB cross-references to several other databases that rely on a variety of strategies for
visualizing the interaction between the GAG ligand and its protein environment (Figure 4). Several
applications are available through the four different PDB sites, RSCG ORG, PDBe [51,53], PDBj [63],
and PDB SUM [64].

37



Biomolecules 2020, 10, 1660

Figure 3. Full results from the search on GAG oligosaccharide present in the database using 1FQ9 in
the PDB field. More information can be obtained by clicking on the green bars.
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Figure 4. Example of graphical representation of GAG binding site obtained from the PDBe ligand
interface. Distribution of the amino acids involved in the binding to GAGs oligosaccharides
in cocrystallized complexes. Illustration of two cases showing the hydrogen bonding and
electrostatic interaction involved in the interaction. https://www.ebi.ac.uk/pdbe-site/pdbemotif/
?tab=ligandbindingstats&ligandCode3letter1=IDS; https://www.ebi.ac.uk/pdbe-site/pdbemotif/?tab=
ligandbindingstats&ligandCode3letter1=SGN.

Additional information on the interactions formed between the GAG and the protein can also
be obtained using the protein-ligand interaction profiler (PLIP) server [50]. The NGL viewer [62]
adapted to SwissModel [65] displays the interactions identified by the PLIP application that calculates
and displays atomic level interactions (hydrogen bonds, hydrophobic, water bridge, etc.) occurring
between GAGs and proteins. The specific features of the glycans interacting with the surrounding
amino acid residues and possible metal ions are shown in 3D. The SwissModel application [65] provides
direct access to the PDBsum deployed by the EMBL-EBI [64], CATH [66], and PLIP [50].

A cross-link to the PISA application [67,68] enables the exploration of quaternary structure
formation and stability. The potential contribution of GAGs to the formation of quaternary
macromolecular complexes requires the evaluation of energetic stability. The structural information
relates to the interfaces between the macromolecular entities, the individual monomers, and the resulting
assemblies, from which complex stability can be assessed or predicted. Supplementary Figures S1 and
S2 provide examples of the interaction features offered by several visualization applications.

3. Utilization of GAG-DB for Analysis of GAGs Structure and Conformation

3.1. Monosaccharides

Repeated disaccharide units of glycosamine and uronic acids with a non-uniform distribution of
sulfated and acetylated groups along the chain constitute the main structural features of sulfated GAGs.
Despite the high diversity of potential structures, only 28 unique monosaccharide structures occur in
GAGs. Three of them correspond to 4,5 unsaturated uronic acids resulting from the eliminative cleavage
of GAGs oligo- or polysaccharides containing (1->4)-linked d-glucuronate or l-iduronate residues and
(1->4)-alpha-linked 2-sulfoamino-2-deoxy-6-sulfo-d-glucose residues to give oligosaccharides with
terminal 4-deoxy-alpha-d-gluco-4-enuronosyl groups at their non-reducing ends.
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The cartoon representation of monosaccharides was extended [42] in compliance with the SNFG
representation of glycans [22] to link this description with the GlycoCT [58] and condensed IUPAC [56]
codes of the monosaccharides.

While these nomenclatures have become widely popular in the field of glycoscience, they are not
used to identify and describe monosaccharides in the PDB, which has its carbohydrate nomenclature
in its ligand dictionary [69]. Therefore, we established the cross-references between some of these
nomenclatures (Figure 5).

 
Figure 5. Cross-references between the common representations and nomenclature of monosaccharides:
condensed IUAPC nomenclature, symbol nomenclature for glycan; PDB Chemical Component
Nomenclature, 2-dimensional structure.
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Except for l-idopyranosides, and the 4,5 unsaturated uronic acids, all monosaccharides exist as
hexopyranosides. The predominant conformation being 4C1. As for l-idopyranosides, the following
1C4, 4C1, and 2S0 conformations may be found. Figure 6 depicts the 3-dimensional representations of
these unusual conformations, along with the corresponding SNFG extensions.

Figure 6. 3-D structures, descriptors, and schematic representations of L-Idopyranosides, the following
1C4, 4C1, and 2S0; and 4,5 unsaturated uronic acids (drawn with pyMol (Schrödinger)).

3.2. Disaccharides

The PDB dataset consisting of 105 proteins-GAG complexes contains 270 disaccharides [9]. Table 1
displays the major disaccharides as extracted from GAG-DB.
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Table 1. Major disaccharides found in the GAG-protein complexes.

Major Disaccharides Found in the GAG-Protein
Complexes Extracted from the PDB

Number

α-d-GlcpNS (1-4) β-d-GlcpA 21
α-d-GlcpNS(6S) (1-4) α-l-IdopA(2S) [1C4] 42
α-d-GlcpNS(6S) (1-4) α-l-IdopA(2S) [2S0] 15
α-l-IdopA(2S) [1C4] (1-4) α-d-GlcpNS(6S) 40
α-l-IdopA(2S) [2S0] (1-4) α-d-GlcpNS(6S) 16

β-d-GlcpA (1-3) β-d-GlcpNAc 13
β-d-GlcpA (1-4) α-d-GlcpNS 15
β-d-GlcpNAc (1-4) β-d-GlcpA 12

Such a rich set of experimental data provides useful information to validate and improve
computational strategies to build GAG models. The determination of the conformational preferences
of GAG disaccharides can be assessed by computing potential energy surfaces as a function of their
glycosidic torsion angles Φ and Ψ as implemented in the CAT application [70]. As an example, Figure 7
displays two such potential energy surfaces (alternatives are not shown). In all cases, the experimentally
observed Φ and Ψ are plotted on the corresponding potential energy surfaces. While being somehow
scattered, they are all located on the lowest energy basins.

 

 

Φ Ψ

s ccharides y  

β β –
β β –
β β
α β
α α

Figure 7. Φ and Ψ angles measured in the 3D structures of cocrystallized GAG protein complexes,
reported on conformational maps.

Similar features are observed for all disaccharides (or disaccharide units) irrespective of the
presence and the positions of sulfate groups on the monosaccharides. The agreement between the
repertoire of the experimentally determined conformations and those predicted by computational
methods provided the basis to develop a pipeline to translate glycosaminoglycans sequences into 3D
models (http://glycan-builder.cermav.cnrs.fr/gag/) [47].

3.3. GAG Structures in the Solid-State

The solid-state features of chondroitin sulfate, dermatan sulfate, hyaluronan, and keratan
sulfate have been established by X-ray fiber diffraction [71] (Table 2) and are available in GAG-DB.
They encompass several allomorphs that occur in different experimental conditions, including the
nature of the counterions (Na+, Ca++, and K+). More structural features such as the polarity of the
polysaccharide chains, their interactions with the counterions and packing features can be deduced.
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Table 2. Characterization of the helix symmetry of GAGs polysaccharides in the solid-state.

Glycosaminoglycans Structure of the Main Repeating Disaccharides Helix Symmetry Ref.

Hyaluronan -4)-β-d-GlcpA-(1-3)-β-d-GlcpNAc-(1- 21, 32, 43 [72–74]
Chondroitin-4-sulfate -4)-β-d-GlcpA-(1-3)-β-d-GalpNAc(4S)-(1- 21, 32 [75–77]
Chondroitin-6-sulfate -4)-β-d-GlcpA-(1-3)-β-d-GalpNAc(6S)-(1- 21, 32, 83

Dermatan sulfate -4)-α-l-IdopA-(1-3)-β-d-GalpNAc(4S)-(1- 21, 32, 83 [78]
Heparin -4)-α-l-IdopA(2S)-(1-4)-α-d-GlcpNS(6S)-(1 (Na+) 21

Heparan sulfate -4)-β-d-GlcpA-(1-4)-α-d-GlcpNAc-(1- 21 [79]
Keratan sulfate -3)-β-d-Galp-(1-4)-β-d-GlcpNAc(6S)-(1- 21 [80]

The organization of all these polysaccharide chains in the form of helices seems recurrent.
Two parameters, n and h, characterize helical structures, where n is the number of repeat units
(disaccharide unit) per turn of the helix and h is the projection of one repeat unit on the helical axis.
The sign attributed to n indicates the chirality of the helix. The positive value of n corresponds to the
right-handed helix and a negative value to a left-handed helix. Such helical descriptors provide a
simple way to classify the secondary structures and their potential allomorphs.

As with the disaccharide segments of GAGs, the values of the Φ and Ψ torsional angles found in
all the conformations of GAGs fall in the low energy regions of the corresponding potential energy
surfaces. It is therefore relevant to question whether secondary structures other than those derived
from crystallographic characterization do occur. The sets of (Φ, Ψ) values corresponding to the
low energy conformations can be propagated regularly, to generate structures, which can be further
optimized to form integral helices. When applied to hyaluronan structures, the analysis indicates
that this polysaccharide display a wide range of energetically stable helices (Figure 8). They span
the left-handed 4-fold symmetry to the right-handed five-fold symmetry with a rise per disaccharide
between 9.51 and 10.13 Å [81].

β α
β β

Φ Ψ torsional 

Φ, Ψ

The Φ and Ψ 

–




Figure 8. Stable regular helical conformation of single-stranded hyaluronic acid projected parallel and
orthogonal to their axes (drawn with SweetUnityMol [82]). The Φ and Ψ conformations are shown on
the corresponding potential energy surfaces.

The results indicate that small variations in the glycosidic torsion angles might have a significant
influence on the symmetry and pitch of the resulting helices without any noticeable energetic cost.
This illustrates the capacity of hyaluronic acid to display different sites available for interactions
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with proteins and would occur, at no cost in energy, without altering the directionality of the
polysaccharide chain.

3.4. GAG Structures in Solution

The database contains the structure of heparin as established by NMR in solution (PDB
entry 1HPN, 1XT3) and analogue (2ERM). Other structures have been reported for the solution
structures of four different heparin oligosaccharides, determined by a combination of analytical
ultracentrifugation, synchrotron X-ray solution scattering that gave the radii of gyration and maximum
length extension [30,83] (PDB code 3IRI, 3IRJ, 3IRK, and 3IRL). Constrained molecular modeling of
randomized heparin conformers resulted in 9–15 best-fit structures for each degree of polymerization
(dp) DP18, DP24, DP30, and DP36 that indicated flexibility and the presence of short linear segments
in mildly bent structures. All the conformations of the experimental conformations are somewhat
scattered. They are all located in the lowest energy region of the corresponding Φ and Ψ maps (see
Figure 9). The idopyranose residues experienced some changes, either 1C4 or 2S0, without any influence
on the Φ and Ψ maps. This establishes a model of heparin in solution as a semi-rigid object.
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conformation. The distribution of the Φ and Ψ angles are reported on the two corresponding potential
energy surfaces (drawn with SweetUnityMol [82]).

Such a computational protocol was used to model the disordered features of hyaluronic acid [81]
and chondroitin sulfate [84]. As with heparin, the semi-rigid behavior and the stiffness of these GAGs
polysaccharides could be established.

4. Conclusions

The aim of the article was to integrate three-dimensional data of GAGs, GAGs oligosaccharides
as complexed with proteins. The sources of data are multiple: X-ray fiber diffraction, solution NMR,
small angle X-ray scattering for GAGs, and X-ray biomolecular crystallography for protein-GAGs
and protein-GAG mimetics complexes. A series of descriptors were selected to guide the search.
They include cross-references to PDB, UniProtKB, MatrixDB, and GlyTouCan. GAG-DB opens the
possibility of deciphering the full potential of GAGs as bioactive fragments or a structurally important
multivalent scaffold for interaction synergy at assembling proteins within quaternary structures.
The inspection of the many features of the database supports the reporting of robust facts/knowledge
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and the determination of what remains to be investigated or discovered. The amount and the quality
of the 3D structures of GAG-protein complexes are amenable to comparison between the observed
and the calculated 3D descriptors. Such a rich set of experimental information provides a solid
basis for validating and improving computational strategies. We could confirm previously described
features such as the lack of counterion effect in the interaction between GAGs; the definition of the
preferred amino acids bringing the electrostatic neutrality of the interaction; and the lack of influence
of sulfate groups on the glycosidic torsion angles. All the observed conformations fell within the
low energy basins, thereby comforting the suitability of the computational protocol to model GAGs
conformation in a disordered state. An emerging picture is the description of these polysaccharide
chains as propagating linearly in a preferred direction, with extended fragments separated by kinks.
The semi-rigid character of the chains involves microarchitectural domains. They contain preformed
conformation for optimal binding to protein targets. The separation of such domains, at a long enough
distance, offers the possibility of multivalent binding to create further spatial arrangements that can
induce the formation of functional assemblies of proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1660/s1,
Figure S1: Detailed of the analysis of GAG binding in crystal structure of a ternary FGF1-FGFR2-Heparin
complex (PDB 2GD4) available from different souces; PDBe; Swiss-Model; PLIP, LIGPOLT. Figure S2: Quaternary
organisation in the crystal Structure of the Antithrombin-S195A Factor Xa-Pentasaccharide Complex (PDB 1EO0)
computed and displayed by PISA.
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Abstract: A comprehensive understanding of the behaviour of Glycosaminoglycans (GAGs) combined
with imaging or therapeutic agents can be a key factor for the rational design of drug delivery and
diagnostic systems. In this work, physical and thermodynamic phenomena arising from the complex
interplay between GAGs and contrast agents for Magnetic Resonance Imaging (MRI) have been
explored. Being an excellent candidate for drug delivery and diagnostic systems, Hyaluronic acid
(HA) (0.1 to 0.7%w/v) has been chosen as a GAG model, and Gd-DTPA (0.01 to 0.2 mM) as a relevant
MRI contrast agent. HA samples crosslinked with divinyl sulfone (DVS) have also been investigated.
Water Diffusion and Isothermal Titration Calorimetry studies demonstrated that the interaction
between HA and Gd-DTPA can form hydrogen bonds and coordinate water molecules, which plays a
leading role in determining both the polymer conformation and the relaxometric properties of the
contrast agent. This interaction can be modulated by changing the GAG/contrast agent molar ratio and
by acting on the organization of the polymer network. The fine control over the combination of GAGs
and imaging agents could represent an enormous advantage in formulating novel multifunctional
diagnostic probes paving the way for precision nanomedicine tools.

Keywords: hyaluronic acid; glycosaminoglycan; hydrogel; MRI; hydrodenticity; precision medicine

1. Introduction

Glycosaminoglycans (GAGs) have always attracted the interest of many research groups because
of their versatile properties, making them desirable resources for the design of multifunctional
materials in biomedicine [1–3]. Compared to other classes of materials, like amino acid sequences,
which have been coded and possess well-known properties and characteristics, GAGs represent a still
unexplored group of materials, not specifically ascribable to any of the already known chemical and
biophysical patterns [1]. This stimulates the investigation of their nature and behavior in biological
environments, e.g., nanoscale interactions with proteins, lipids, and other GAGs, in order to fully
understand and control their potential in the precision nanomedicine field as drug delivery systems
and image contrast enhancers. As naturally derived biomaterials from affordable sources, GAGs
represent an abundant, biodegradable, biocompatible class of materials for the synthesis of the
new generation of nanomedicines, overcoming some of the toxicity- and stability-related issues of
synthetic materials [4]. Physico-chemical properties of GAGs, such as monomer length, reactive
groups, molecular weight, and charge, proved to be key features to design engineered nanostructures
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for biomedical applications [1,4]. In addition, they provide a large polymeric backbone for chemical
modification where small molecules, drugs, proteins, or diagnostic agents can be easily conjugated
onto the NPs’ surface or, alternatively, physically encapsulated into the NPs’ core or shell [5,6], thereby
improving their targeting efficiency. The easy decoration of NPs, for example with polyethylene glycol
(PEG), can prolong their in-vivo circulation time, which increases the possibility of accumulation of
the delivered drug in the site of interest [7–9]. Additional advantages, compared to other metallic or
silica NPs [10–12], lie in their high tunability thanks to the recent advancements in nanotechnology
and material processing techniques, from batch synthesis to high-pressure homogenization and
microfluidics. The latter, in particular, proved to be a scalable, low-cost, and high-throughput technique
for controlling sizes, shapes, porosity, structure, and functional properties of polymer NPs [13–20].
Among the GAGs, hyaluronic acid (HA) (alone or coupled with other GAGs) proved to be an ideal
candidate for designing nanostructured probes for drug delivery and imaging [4]. HA, also called
hyaluronan, is an anionic highly hydrophilic GAG ubiquitously presents in tissues and fluids and
composed of a repeating disaccharide of d-glucuronic acid and N-acetyl-d-glucosamine. It is present
in the extracellular matrix and plays key roles in modulating cellular functions [4]. Moreover, HA
can intrinsically target CD44 receptors, which are overexpressed in various tumor cells, thus serving
as a targeting moiety for cancer therapy [21–23]. Very recent works demonstrated its potential
as hydrogel nanosystem for neural tissue regeneration [5], theranostic agent in breast cancer and
atherosclerosis [24–26], engineered nanostructure for multimodal imaging of B-cell lymphoma [27,28],
and contrast enhancer in Magnetic Resonance Imaging (MRI) [29,30]. Concerning the use of HA as a
contrast enhancer, studies [31,32] highlighted that MRI signal depends on the GAGs’ concentration
in human tissues, especially in articular cartilage, whose synovial fluid is made up of 98% HA [33]
(ranging from 0.25 to 0.4%w/v in healthy adults [34,35]). They showed that the administration of a
paramagnetic contrast agent, a metal chelate like Gadolinium diethylene triamine pentaacetic acid
(Gd-DTPA), can be used to visualize relative GAG distribution in-vivo since the negative charge of
the contrast agent will distribute itself within articular cartilage in a spatially inverse relationship
to the concentration of the negatively charged GAG molecules [31,32]. In a more recent study [36],
crosslinked HA-based hydrogels at different HA concentrations (ranging from 17%w/v to 30%w/v)
have been used as model tissues to investigate the relaxation enhancement of an MRI contrast agent
interacting the hydrogel structure at increasing magnetic fields. Such studies are focused on the
characteristic correlation times of the metal chelate within the hydrogel but do not take into account
the thermodynamic phenomena underlying the HA-contrast agent interaction, which are crucial to
understand the mixing process and control the complexation of the two compounds. Furthermore,
no tissue models at low HA concentrations (below 1%w/v), which correspond to the physiological range
of HA concentrations in human tissues [37–39], have been yet developed nor adopted. The investigation
of the relaxation enhancement mechanisms in the presence of a biopolymer network can be fundamental
for the rational design of novel nanostructured MRI contrast agents with enhanced properties [40]
in the field of drug delivery and precision medicine [2]. Recently, in our previous work, HA-based
nanostructures have been investigated [41] and the impact of the structural properties of the hydrogel
matrix on the relaxometric properties of an MRI contrast agent has been explained introducing
the concept of hydrodenticity, i.e., the complex equilibrium established by the elastic stretches of
polymer chains, water osmotic pressure, and hydration degree of the contrast agent, able to boost the
relaxometric properties of the contrast agent itself. In other previous works [42,43], we demonstrated
how the HA hydrogel structural parameters can impact the relaxivity of MRI contrast agents and
then we translated the acquired know-how into a microfluidic flow focusing approach to design and
produce functional Gd-loaded nanohydrogels with tunable relaxivity for MRI and multimodal imaging
applications [41,44–46].

Herein, based on our previous findings, we investigate from both a physical and thermodynamic
perspective the interactions between HA, chosen as a GAG model, and Gd-DTPA, as a linear ionic MRI
Gd-based contrast agent, able to boost the relaxometric properties of the metal-chelate. We highlight the
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importance of understanding and controlling their complex interplay and show how to take advantage
of their combination to develop nanosystems with precisely tailored composition. In the foreseeable
future, this knowledge can contribute to the innovation of traditional drugs and imaging agents.

2. Materials and Methods

2.1. Materials

Divinyl sulfone (DVS, 118.15 Da), Diethylenetriaminepentaacetic acid gadolinium (III) dihydrogen
salt hydrate (Gd-DTPA, 547.57 Da) and Sodium hydroxide pellets (NaOH) are purchased from Sigma
Aldrich (Milan, Italy). Sodium Hyaluronate, with an average molecular weight of 42 kDa is supplied
Bohus Biotech (Strömstad, Sweden) as dry powder and used without purification. Milli-Q water is
systematically used for sample preparation, purification, and analysis.

2.2. Sample Preparation

Non-crosslinked HA samples, from 0.1 to 0.7%w/v, are prepared by dispersing polymer powder
in Milli-Q water and then mechanically mixed using a magnetic stirrer (Fisher Scientific Italia, Milan,
Italy), 500 rpm at Room Temperature (RT) for 2 h. Crosslinked HA samples are prepared by adding
0.2 M NaOH to the above-described solutions in order to achieve the desired pH for the crosslinking
reaction and samples are mechanically stirred for 2 h (RT, 500 rpm). DVS is then added, with a DVS/HA
weight ratio ranging from 2 to 11, to chemically crosslink the polymer network. The crosslinking
reaction is performed at RT for 24 h in order to obtain a homogeneous gel. The biocompatibility
of HA–DVS hydrogels is already confirmed in the literature [47]. Crosslinked and non-crosslinked
Gd-DTPA loaded samples are prepared by adding Gd-DTPA at a concentration ranging from 0.01 and
0.2 mM (0.01—0.02—0.03—0.04—0.05—0.06—0.08—0.1—0.13—0.15—0.18—0.2 mM).

2.3. Time-Domain Relaxometry at 20 MHz and 60 MHz

Bruker Minispec (Bruker, Billerica, MA, USA) mq20 and mq60 bench-top relaxometer operating
at 20 MHz (magnetic field strength: 0.47 T) and 60 MHz (magnetic field strength: 1.41 T), respectively,
are used to measure longitudinal relaxation times (T1). 1 mL and 300 µL of the prepared samples are
used for the measurements at 20 and 60 MHz, respectively. Samples are placed into the NMR probe for
about 15 min for thermal equilibration. T1 values are determined by both saturation (SR) and inversion
recovery (IR) pulse sequences. The relaxation recovery curves are fitted using a multi-exponential
model. Relaxivity, r1, is calculated from the slope of the regression line of the relaxation rate, R1 = 1/T1,
versus HA concentration with a least-squares method, as showed in the following Equation (1):

R1HA = R1water + r1*[HA], (1)

where R1HA is the relaxation rate of the HA sample expressed in s−1, R1water is the relaxation rate of
free water expressed in s−1, and [HA] is the polymer concentration expressed in %w/v.

2.4. Measurement of Water Self-Diffusion Coefficient at 20 MHz

Diffusion measurements of water molecules are carried out on a Bruker Minispec (Bruker, Billerica,
MA, USA) mq 20 bench-top relaxometer using a pulsed-field gradient spin echo (PFG-SE) sequence [48].
As previously described [42], the water self-diffusion coefficient, D, is calculated by linear regression
of the echo attenuation versus the tunable parameter of the PFG-SE sequence, k, as showed in the
following Equation (2):

k = (γgδ)*(∆ − δ/3) (2)

where γ is the proton’s gyromagnetic ratio (equal to 42.58 MHz T−1), δ is the length of the two gradients
(set equal to 0.5 ms), g is the strength of the two gradients (varied between 0.5 and 2 T m−1), ∆ is the
delay between the two gradients (set equal to 7.5 ms).
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2.5. Diffusion-Ordered NMR Spectroscopy (DOSY) at 600 MHz

As described in our previous work [44], Diffusion-ordered NMR Spectroscopy (DOSY)
measurements are carried out on a Varian Agilent NMR spectrometer (Agilent Technologies, Santa Clara,
CA, USA) operating at 600 MHz. Gradient strengths (Gz) are varied from 500 to 32,500 G/cm.
The gradient pulse duration (δ) is kept constant to 2 ms while the diffusion delay (∆) is increased from
7 to 1000 ms. After Fourier transformation and baseline correction, DOSY spectra are processed and
analysed using Varian software VNMRJ (Agilent Technologies, Santa Clara, CA, USA) in order to
obtain the values of water self-diffusion coefficient, which is then plotted as a function of ∆.

2.6. Isothermal Titration Calorimetry

Titration experiments are performed by using a Nano ITC Low Volume calorimeter from TA
Instruments (New Castle, DE, USA) in accordance with our previously adopted protocol [44].
The sample cell (700 µL) and the syringe (50 µL) are filled with aqueous solutions of HA (from
0.1 to 0.7%w/v) and Gd-DTPA (1.5 mM) respectively. Injection volumes and intervals are fixed at 1 µL
and 500 s, respectively. Measurements are performed at 25 ◦C with a stirring rate of 200 rpm. Analysis
and modeling of the raw data is carried out using the NanoAnalyze (TA instruments, New Castle,
DE, USA). The function adopted to analyze the ITC data is the sum of two models: independent sites
model plus a constant used for the blank (i.e., Gd-DTPA in water). The first point is excluded from the
analysis. Statistics of the thermodynamic parameters are calculated on 1000 trials with a confidence
level equal to 95%.

3. Results and Discussion

Longitudinal relaxation times, T1, measured both at 20 MHz and 60 MHz of HA solutions at
increasing DVS/HA mass ratio, is reported in Table 1.

Table 1. Longitudinal relaxation time (T1) at different DVS/HA mass ratio.

HA (%w/v)
DVS/HA

(g/g)
T1 (ms) 1

Mean ± std
T1 (ms) 2

Mean ± std

0.25 0 3410 ± 30 3740 ± 60
0.25 2.35 3270 ± 20 3560 ± 70
0.25 4.70 2980 ± 20 3530 ± 50
0.25 7.06 3260 ± 30 3410 ± 50
0.25 9.42 3110 ± 20 3520 ± 50
0.25 11.77 3170 ± 20 3540 ± 50

1 measured at 20 MHz. 2 measured at 60 MHz.

The experiments show a measurable decrease in T1 at increasing DVS/HA mass ratio, which is
more evident at low frequency (20 MHz) when T1 is lower. Indeed, in the range of magnetic field
between 0.3 T and 3 T, which is the range of preclinical and clinical MRI applications, T1 increases with
the field strength. Therefore, if we read Table 1 horizontally, we will notice the appreciable increase in
T1 due to the increase in the magnetic field. This phenomenon occurs because the Larmor frequency
scales with field strength and, with increasing Larmor frequencies, the fraction of protons able to
interact at the higher Larmor frequency decreases, resulting in longer T1 values.

Then, water self-diffusion coefficient was measured through a Stejskal-Tanner plot (Figure 1a) for
each sample reported in Table 1. Diffusion values, D, are also plotted against the DVS/HA mass ratio
(HA fixed at 0.25%w/v) in Figure 1b, where the diffusion is measured 8 h and 24 h after the addition of
the crosslinker (see also Table S1 of the Supplementary Material).
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(a) 

 
(b) 

Figure 1. Diffusion measurements at 20 MHz: (a) Stejskal-Tanner plot to calculate water self-diffusion
coefficient of 0.25%w/v HA crosslinked with DVS at 2.35 (empty triangles) and 11.77 (filled triangles)
DVS/HA mass ratio after 8 h from the addition of the crosslinker; (b) Self-diffusion coefficient as a
function of DVS/HA mass ratio measured after 8 h (empty circles) and 24 h (filled squares) from the
addition of the crosslinker.

In Figure 1a, water self-diffusion coefficient is determined by the slope of the straight line as
already reported elsewhere [49–51]. A reduction in the water mobility with increasing DVS/HA mass
ratio can be observed in Figure 1a by looking at the increasing slope of the two regression lines of the
Stejskal-Tanner plot. This is far more evident in Figure 1b where an inverse relationship can be observed
between the water self-diffusion coefficient and DVS/HA mass ratio, as it also results from studies of
solvent molecules within polymer matrices or in confined environments [11,52]. A time-dependent
effect of the crosslinking reaction on the mobility of water molecules can be also observed in Figure 1b
by comparing D values at 8 h and 24 h. Indeed, at 8 h, the crosslinking reaction is completed [53,54]
and the swelling process is ongoing with polymer chains slowly hydrating and relaxing, thus the rate
of water diffusion in the polymer networks is still slow while the hydrogel matrix is hydrating [55],
binding, and entrapping water molecules. On the other hand, at 24 h, the swelling process is in the later
stage, all the sulfonyl-bis-ethyl bridges between the hydroxyl groups of the HA are formed, polymer
chains are well-relaxed and the swelling equilibrium is almost reached, as observed in previous studies
on swelling time of crosslinked HA [55], i.e., a balance between bound water and bulk water is achieved,
thus the contribution from the free diffusing water molecules is higher and the average self-diffusion
coefficient assumes slightly higher values than those measured after 8 h [49]. However, this difference
is not significantly appreciable especially with growing DVS/HA, since the higher crosslinking density
limits polymer chains movement, thus lowering the water uptake and shortening the time to reach the
swelling equilibrium [56,57].

T1 changes with water self-diffusion coefficient are evaluated afterwards at 20 MHz and 60 MHz,
as shown in Figure 2a,b respectively.

Both Figure 2a,b show how T1 increases with increasing water self-diffusion coefficient. This is
due to the higher mobility of the water slowing down the time taken by protons to re-align to the
external magnetic field after the stimulation with controlled radiofrequency pulses of the SR sequence.
Higher T1 values in Figure 2b compared to Figure 1a are due to the increase of T1 with the applied
magnetic field, as from previous considerations about Table 1. It is worth noting how Figures 1 and 2
show the opportunity to obtain a relaxation enhancement by simply increasing the crosslinking degree
of the sample, which is responsible for the reduction in the water mobility that thereby shortens the T1.
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(a) 

 
(b) 

Figure 2. Longitudinal relaxation time (T1) as a function of the water self-diffusion coefficient measured
for DVS/HA mass ratio solutions without Gd-DTPA at: (a) 20 MHz; (b) 60 MHz. Linear regression
lines with values of the determination coefficients are displayed.

The further step of our experimental campaign consisted in measuring the relaxivity, r1, as defined
from Equation (1), for crosslinked and non-crosslinked samples with addition of Gd-DTPA. Here,
DVS/HA is kept equal to 8 and three different HA concentrations are tested: 0.3%w/v, 0.5%w/v,
and 0.7%w/v. Results of measurements carried out with SR and IR sequences are plotted in Figure 3a,b
respectively (see also Table S1 of the Supplementary Material for the measured longitudinal relaxation
times). The r1 values of the samples are normalized against the longitudinal relaxivity of free Gd-DTPA
in water (rGd). As a reference, relaxivity of crosslinked and non-crosslinked samples without Gd-DTPA
are reported in the Table S3 of the Supplementary Material.

 
(a) 

 
(b) 

Figure 3. Longitudinal relaxivity (r1) for crosslinked (filled circles) and non-crosslinked (empty circles)
samples with addition of Gd-DTPA, normalized against the relaxivity of free Gd-DTPA (rGd), as a
function of the HA concentration measured at 60 MHz using: (a) Saturation Recovery sequence;
(b) Inversion Recovery sequence. Linear regression lines with values of the determination coefficients
are displayed.

Both SR and IR sequences confirm that r1 increases with the polymer concentration and the values
are slightly higher (up to 1.2 folds) than the relaxivity of free Gd-DTPA in water. The higher accuracy
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of the IR sequence explains the higher determination coefficient (R2) of the linear regression lines
displayed in the both graphs. These values are two and three orders of magnitude higher than the
relaxivity of the polymer without Gd-DTPA (see Tables S2 and S3 of the Supplementary Material).

This behavior is explained by the reorientation and residence times of the water molecules
interacting with HA. At increasing HA concentration, indeed, the collisions of water molecules and
neighboring polymer chains increase the microviscosities of the environment [58] and the percentage
of the water molecules with the longest correlation time increases with respect to those with shortest,
with a consequent boost in the relaxivity [36]. Hence, the water molecules reorient more slowly, and a
stronger influence of the bound water molecules on the water relaxation is expected [58].

Moreover, the presence of Gd-DTPA has a significant impact on the relaxivity by further decreasing
the water self-diffusion coefficient within the polymer network. This influence of Gd-DTPA is studied
at increasing diffusion delays and observation times through NMR DOSY experiments, as displayed
in Figure 4.

 
(a) (b) 

Δ
Δ

Figure 4. NMR-DOSY measurements of water self-diffusion coefficient at 600 MHz as a function of the
diffusion delay in: (a) 1%w/v HA with and without Gd-DTPA at 18 mM; (b) measurements repeated
after one week.

Both Figure 4a,b show that the co-existence of polymer and Gd-DTPA affects the water mobility
more than the polymer alone, causing an additional reduction in the value of the water self-diffusion
coefficient. Compared to our previous study [44], where the mobility of water molecules in presence
of HA and Gd-DTPA was investigated at low contrast agent concentrations (below 30 µM), here a
relatively high Gd-DTPA concentration (18 mM) is used in order to amplify the impact of the contrast
agent on the water self-diffusion coefficient. However, due to the interference of Gadolinium with
NMR measurements [59,60], the highest diffusion delay in the case of Gd-DTPA samples was 70 ms,
since values above this threshold present a very low signal-to-noise ratio impairing the reliability of
the taken measurements. Therefore, up to ∆ = 70 ms, which is enough to describe the movement of
water molecules within the polymer meshes in the micrometer range (a ∆ range from 1 ms to 70 ms
corresponds to diffusion distances from 0.5 µm to 40 µm) [61–66], the Gd-DTPA causes a further
decrease in the solvent mobility. This is also confirmed after one week (Figure 4b), where a more
evident drop in the water self-diffusion occurs in presence of Gd-DTPA at longer diffusion delay
(50 ms < ∆ < 70 ms), i.e., nearby the polymer chains.

The impact of Gd-DTPA was carried out also from a thermodynamic perspective by investigating
the mixing between Gd-DTPA and HA through ITC. The modeling of the collected ITC data is showed
in Figure 5 and Table 2.
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Figure 5. Fitting of ITC data for Gd-DTPA titrated into 0.4%w/v HA. ITC peak area data (empty circles)
are plotted as a function of the Gd-DTPA/HA molar ratio. The model curve (solid line) is calculated as
the sum of two models: independent sites model plus a constant used for the blank (i.e., Gd-DTPA in
water). Residuals of the model and the standard deviation around fit are displayed in the bottom graph.

Table 2. Thermodynamic parameters from the modeling of ITC measurements conducted at 25 ◦C.

HA
(%w/v)

Blank 1

Mean ± std 2
n 1

Mean ± std 2
Kd (*10−6 M) 1

Mean ± std 2
∆H (kJ/mol) 1

Mean ± std 2
T·∆S

(kJ/mol) 1 ∆G (kJ/mol) 3

0.1 −25.43 ± 24.36 9.99 ± 3.77 26.30 ± 722.3 24.04 ± 49.60 50.15 -26.11
0.2 5.59 ± 4.02 0.71 ± 0.37 7.25 ± 0.58 −10.12 ± 53.83 19.21 29.33
0.3 7.76 ± 1.21 0.30 ± 0.11 3.62 ± 0.12 −10.56 ± 20.03 20.49 31.05
0.4 7.37 ± 0.96 0.33 ± 0.038 3.71 ± 3.84 −11.54 ± 2.84 19.44 30.98
0.5 −2.18 ± 1.16 0.18 ± 0.040 1.60 ± 7.98 −10.06 ± 9.43 23.01 33.07
0.6 9.97 ± 22.97 0.39 ± 0.53 0.24 ± 0.013 −23.84 ± 64.48 2.48 26.31
0.7 1.56 ± 1.71 0.20 ± 0.031 1.96 ± 5.16 −11.79 ± 5.11 20.78 32.57

1 Values obtained by fitting ITC data with the independent sites model (constant is used for the blank, i.e., Gd-DTPA
in water). 2 Statistics are calculated on 1000 trials with a confidence level equal to 95%. 3

∆G = ∆H − T·∆S.

A representative binding isotherm for the titration of the HA with Gd-DTPA is shown for a single
HA concentration (equal to 0.4%w/v). The binding curve shows a slow increase in the enthalpy of
binding for the injections before 0.5 mol of Gd-DTPA per mole of HA. After this, a change in the signal
is observed for the following injections with the curve reaching a constant value after saturation of the
binding sites in the polymer chain, similarly to what is showed in previous works on the synthesis of
metal-chelating polymers [67,68]. Similar ITC curves are obtained for the other tested concentrations
(from 0.2 to 0.7%w/v) with the exception of HA = 0.1%w/v, which is showed in the Supplementary
Material (Figure S1).

Since multiple binding sites are usually present on GAGs [69], thermodynamic parameters are
determined by using an independent sites model, i.e., assuming multiple independent sites, and a
constant used to model the blank (Gd-DTPA in water). The best fit of the ITC curve gives the following
parameters: constant for the blank; reaction stoichiometry or number of binding sites (n); dissociation
constant (Kd); enthalpy gain (∆H); entropy gain (∆S).

Table 2 includes the thermodynamic parameters (mean and standard deviation) calculated at
increasing HA concentrations.

For HA concentrations above 0.1%w/v, the interaction process is exothermic (∆H < 0); the binding
affinity between the HA and Gd-DTPA, expressed by 1/Kd, is relatively weak and ranges from 0.1 × 106
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to 4 × 106 M−1; the reaction stoichiometry n ranges from 0.2 to 0.7 and decreases with the polymer
concentration. The fitting parameters allows the calculation of the Gibbs free energy (∆G = ∆H − T·∆S,
being T the temperature), showing the spontaneous nature of the interaction (∆G > 0), which is mainly
driven by the entropy (|∆H| < |T·∆S|).

The favorable enthalpy conditions (∆H < 0) suggest the formation of new complexes also
encouraged by the conformational changes of the HA in presence of Gd-DTPA, which increases
the entropy of the ternary system (∆S > 0). Despite the interaction process being both entropically
and enthalpically favorable, nor the enthalpy nor the entropy gains are significantly influenced by
the increase in polymer concentration. Conversely, the reaction stoichiometry shows an inverse
relationship with the investigated HA concentrations. This can be attributed to the entanglement and
conformational changes of the polymer, which are highly dependent on concentration. Indeed, at HA
concentrations higher than 0.1%w/v, HA chains form a continuous three-dimensional network [37,39]
with chains interacting with each other and forming stretches of double helices that makes the network
more rigid and increases the fraction of water bound to HA chains and confined within the polymer
matrix with respect to the free water not interacting with the polymer [70]. Therefore, the higher the
polymer concentration is, the more HA-HA entangles and HA-water hydrogen bonds are formed,
thus reducing the number of available sites, n, for the interaction with Gd-DTPA. As already observed
in charged hydrophilic GAG [71], the interplay between intra- and inter-molecular solvent hydrogen
bonding, along with the entanglement mechanism, plays a major role during interaction processes,
and is also responsible for new arrangements of the polymer chains in solution [72].

However, the hydrogen bond network developed in solution around a polysaccharide depends
not only on the water layers organization but also on the presence of other solute species capable of
hydrogen bonds formation [72], like Gd-DTPA in this study. It is also known that a drug binding to a
GAG is expected to cause a decrease in the internal degrees of freedom of the GAG, thus affecting
its possible conformational changes [73]. Therefore, in such a continuous reorganization of the HA
chains in water, the presence of Gd-DTPA provides an additional contribution confirmed by the large
positive entropy changes, which arises from the conformational freedoms of both HA and Gd-DTPA
upon mixing, as also measured in other studies on Gd complexation [74].

The entropic gain due to conformational changes predominates but is not the only phenomenon
governing the process, since a smaller but still significant enthalpic contribution is measured and
suggests the presence of weak interactions between HA and Gd-DTPA, ascribable to non-covalent
binding, namely hydrogen bond, hydrophobic, electrostatic, and van der Waals interactions [74,75].
In accordance with Flory’s mean field theory [75], such non-covalent interactions are crucial
in determining the swelling equilibrium of the polymer network. Therefore, changes in the
Gibbs free energy of the system can be interpreted as function of the polymer–solvent mixing,
the elastic deformation of the polymer matrix, and the osmotic pressure due to the gradients of
solute concentrations.

Among these interactions, the nature of the compounds in solution, both hydrophilic and
negatively charged, brings our attention mainly to hydrogen bonding and electrostatic forces.

As also demonstrated elsewhere [76], hydrogen bonding phenomena is a fundamental factor
determining the thermodynamics of polymers in aqueous solution and, as previously mentioned,
the high hydrophilicity of HA enables the formation of inter- and intra-molecular hydrogen bonds [77].
At the beginning of the titration (Figure 5), the exchanged heat increases since the fraction of HA−water
hydrogen bonds increases. Starting from a Gd-DTPA/HA ratio of 0.5, the heat decreases because
other interactions take place (intra-molecular HA hydrogen bonding and HA conformational changes)
giving opposite enthalpy contributions and bringing the curve to its plateau, when all HA binding sites
are saturated and only water−water hydrogen bonding occur. This behavior agrees with observation
reported in other studies [78], demonstrating that the enthalpy of mixing of polyelectrolyte complexes
decreases at increasing salt concentration and polyelectrolyte complexation is essentially entropy driven.
Furthermore, the capability of forming intra-molecular hydrogen bonds impact on the exchange and
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diffusion of water molecules in the inner and outer coordination sphere of the Gd-DTPA, both factors
being responsible for the relaxation enhancement of the metal chelate [36,79].

As far as the electrostatic forces, it is known that the hundreds of negative charges fixed to
each polymer chain are responsible for electrostatic interactions with surrounding molecules [39].
These electrostatic interactions play an important role in the mixing process, giving a large positive
contribution to the entropy of the system [37,73]. In our system, we can hypothesize that intra-molecular
interactions and conformational changes are driven by the presence of Gd-DTPA. Indeed, since HA
and Gd-DTPA are both negatively charged, the addition of the contrast agent in solution causes
electrostatic repulsion, forcing the HA chains to rearrange in order to reach a new energetically
favorable configuration. This agrees with studies on the Gd-DTPA distribution in cartilage [32],
showing how the negative fixed charge density of GAGs forces the contrast agent to accumulate more
into areas with less GAG concentration. Moreover, as observed in other studies on polyelectrolytes
interaction [80], at high enough solute concentrations, a repulsion effect can also be caused by hydration
forces. These forces promote the local structuring of several layers of water molecules around the
polymer due to electrostatic and hydrogen-bonding interactions. When Gd-DTPA approaches closely
to the polymer, a collective disruption of these structured water layers would cost a fair amount of
energy, thus producing repulsive forces.

A further non-negligible effect that needs to be taken into account is the osmotic pressure. As it
occurs for solutes moving inside and outside the polymer network [75], the presence of Gd-DTPA not
only induces rearrangement of the polymer in solution but also generates an osmotic pressure due to
clustering of HA chains. Like other GAGs [1], indeed, HA conformational changes create regions of
high anionic charge leading to high osmotic pressure, which promotes the taking up of unbound water
molecule from the environment and drives the swelling of the polymer matrix [75]. The water uptake
is confirmed by the large entropic contributions due to the large number of possible configurations
upon swelling [58]. These changes in the osmotic pressure impact the hydration of the contrast agent
and contribute to the attainment of that complex equilibrium, called hydrodenticity [41], able to boost
the relaxometric properties of the Gd-DTPA, whose enhancement is promoted by the formation of the
Gado-mesh, as extensively defined in previous publications [41,44].

4. Conclusions

In this work, diffusion (Figures 1, 2 and 4), thermodynamic (Figure 5 and Table 2), and relaxation
properties (Table 1 and Figure 3) of HA and Gd-DTPA mixtures have been presented and discussed.

Following the previous studies on the binding between drugs and GAGs [73] and similarly to
what is shown about polyelectrolyte-protein interactions [81], our results suggest that the interaction
between HA and Gd-DTPA is mainly mediated by the role played by the water and determined by
two factors: (i) non-covalent processes (hydrogen bonding and electrostatic forces); (ii) conformational
changes of the polymer. While the former is endothermic and characterized by negative enthalpy
gain, the latter is exothermic and brings a positive entropy gain. Since they occur simultaneously,
the overall interaction can be described as the combination of the two above-mentioned factors with
one predominating on the others during the mixing. Indeed, both HA and Gd-DTPA have the capacity
of forming hydrogen bonds and coordinate water molecules, which not only produces conformational
changes but also affect the relaxometric properties of the contrast agent.

In conclusion, our results show a representative picture on GAGs interaction with MRI contrast
agents and contribute to build a useful framework for the interpretation of their behavior in solution
and for the understanding of the fundamental phenomena underlying the MRI relaxation enhancement.
Moreover, we also expect that our results can be extended to other liner Gd-based contrast agents since
they present analogous chemistry and relaxation mechanisms. Further potential applications extended
also to macrocyclic Gd-based contrast agents could be explored in future works. This knowledge
could provide insights into the fields of nanomedicine and precision medicine, where the proper choice
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and combination of GAGs with imaging or therapeutic agents is the key factor for the formulation of
effective targeted drug delivery systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1612/s1,
Figure S1: Fitting of ITC data for Gd-DTPA titrated into 0.1%w/v HA, Table S1: Values of water self-diffusion
coefficient at different DVS concentrations measured at 20 MHz after 8 h and 24 h from DVS addition, Table S2:
Longitudinal relaxation times of the crosslinked and non-crosslinked samples without Gd-DTPA measured with
Saturation and Inversion Recovery sequences, Table S3: Relaxivity of the crosslinked and non-crosslinked samples
without Gd-DTPA measured with Saturation and Inversion Recovery sequences.
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Acronyms

DVS Divinyl Sulfone
GAG Glycosaminoglycan
HA Hyaluronic Acid
IR Inversion Recovery
ITC Isothermal Titration Calorimetry
MRI Magnetic Resonance Imaging
NMR Nuclear Magnetic Resonance
NMR-DOSY Diffusion-ordered NMR Spectroscopy
NPs Nanoparticles
PFG-SE Pulsed-Field Gradient Spin Echo
RT Room Temperature
SR Saturation Recovery
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Abstract: This review examines aggrecan’s roles in developmental embryonic tissues, in tissues
undergoing morphogenetic transition and in mature weight-bearing tissues. Aggrecan is a remarkably
versatile and capable proteoglycan (PG) with diverse tissue context-dependent functional attributes
beyond its established role as a weight-bearing PG. The aggrecan core protein provides a template
which can be variably decorated with a number of glycosaminoglycan (GAG) side chains including
keratan sulphate (KS), human natural killer trisaccharide (HNK-1) and chondroitin sulphate (CS).
These convey unique tissue-specific functional properties in water imbibition, space-filling, matrix
stabilisation or embryonic cellular regulation. Aggrecan also interacts with morphogens and growth
factors directing tissue morphogenesis, remodelling and metaplasia. HNK-1 aggrecan glycoforms
direct neural crest cell migration in embryonic development and is neuroprotective in perineuronal
nets in the brain. The ability of the aggrecan core protein to assemble CS and KS chains at high
density equips cartilage aggrecan with its well-known water-imbibing and weight-bearing properties.
The importance of specific arrangements of GAG chains on aggrecan in all its forms is also a primary
morphogenetic functional determinant providing aggrecan with unique tissue context dependent
regulatory properties. The versatility displayed by aggrecan in biodiverse contexts is a function of its
GAG side chains.

Keywords: aggrecan; tissue morphogenesis; HNK-1 trisaccharide; glycosaminoglycan; cellular
regulation; extracellular matrix

1. Introduction

A vast amount has been written over the last five decades on aggrecan’s structure (Figure 1)
and function in weight-bearing connective tissues such as hyaline cartilage and intervertebral disc
(IVD) in health and disease [1–8]. However, aggrecan also has important roles in tensional connective
tissues (e.g., meniscus, tendon and ligaments) [9,10] as well as in non-cartilaginous tissues such as
the heart and nervous system [11–22]. While aggrecan has important roles in tissue development and
function, surprisingly little has been published on its interactive and cell-directive properties in tissue
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morphogenesis. This review aims to rectify this deficiency but cannot be meaningfully undertaken
without first covering aggrecan’s functional attributes in weight-bearing tissues that contribute to
matrix stabilisation. This diversity in aggrecan’s functional properties is due to modifications in its
glycosaminoglycan (GAG) side chains which equip it with unique ligand interactivity in specific
developmental contexts.

Figure 1. Amber/GLYCAM 3D stick structures of chondroitin sulphate isomers depicting their 3D
conformations, disaccharide compositions and Haworth projection disaccharide structures showing
sulphation positions (a–e). Schematic depiction of the structural organisation of the chondroitin
sulphate glycosaminoglycan side chains of aggrecan depicting specific structural features of areas of
the chain detected by monoclonal antibodies, putative sulphation patterns, linkage region structure to
aggrecan core protein and non-reducing terminal structures (f). These regions on the CS side chain are
numbered 1–8. Key: (1) Non-reducing terminal groups present on some cartilage aggrecan CS chains;
(2) 3-B-3(−) CS sulphation motif is also present as a non-reducing terminal component on some chains;
(3) putative region on CS chain identified by MAb 6C3; (4) putative region on CS chain identified by
MAb 4C3; (5) putative region on CS chain identified by MAb 7D4; (6) CS linkage attachment region
to Serine residues of the aggrecan core protein; (7) 3-B-3(+) CS sulphation stub epitope generated by
exhaustive digestion of the CS chain by chondroitinase ABC and recognised by MAb 3-B-3; and (8)
2-B-6(+) CS sulphation stub epitope generated by exhaustive digestion of the CS chain by chondroitinase
ABC and recognised by MAb 2-B-6. Note: Regions 3–5 of the CS chains containing the 6-C-3, 4-C-3 and
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7-D-4 reactivity are susceptible to chondroitinase ABC digestion; thus, in graded partial digestions,
the 6-C-3 and 4-C-3 reactivity can be selectively removed leaving the 7-D-4 reactive region intact.
However, this is also susceptible to chondroitinase ABC, and exhaustive digestion conditions eventually
lead to generation of the unsaturated 3-B-3(+) and 2-B-6(+) stub epitopes attached to the linkage region,
as shown in this diagram. In (f), the structures shown hypothetical many features such as the sulphation
positions on GAGs are variable; the depictions shown are thus generalisations based on literature data.

2. CS Sulphation on Aggrecan Is an Important Functional Determinant

Studies have shown that two out of every seven non-reducing termini of normal [23] and
chondrosarcoma [24] aggrecan CS chains contain 4, 6-disulphated GalNAc. Non-reducing terminal
GalNAc4S or GalNAc4,6S can be linked to either a 4-sulphated or a 6-sulphated disaccharide. In a further
study, CS from juvenile and adolescent growth plate cartilage was shown to contain non-reducing
terminal GalNAc4S, whereas in adult cartilages approximately half of the non-reducing termini were
disulphated GalNAc4,6S [25], representing an increase in aggrecan sulphation with tissue maturation.
It is these sulphate groups which provide aggrecan’s interactive properties with a number of ligands;
a high density of sulphate and carboxylate groups in aggrecan confer its remarkable ability to imbibe
water and to provide tissue hydration that allows some tissues to withstand compressive loading
(Figure 1a,f).

While clear functional roles for HS-PGs in cell signalling transduction pathways are well
established, roles for CS-PGs in such processes have often been given lower importance; nevertheless,
CS can also modulate cell-signalling pathways involving hedgehog proteins, wingless-related proteins
and fibroblast growth factors [26–35]. Indeed, the co-distribution of these components with aggrecan
in growth plate cartilages and localisation of particular CS sulphation motifs with chondroprogenitor
cell populations associated with diarthrodial joint development (Figure 2a,f) alludes to multiple
interactive possibilities [36]. Studies with brachymorphic mice, nanomelic chick, dyschondroplastic
chicken and Cmd mutant mice clearly show the importance of aggrecan in growth plate cartilage
development and skeletogenesis. Furthermore, individuals suffering from Kashin–Beck disease,
an endemic osteochondropathy that occurs in certain parts of China, is characterised by small stature
and deformities of the limbs and digits, distorted growth plates, chondrocyte apoptosis and low levels of
aggrecan [37–41]. The correct sulphation of the CS chains of aggrecan is essential to generate functional
determinants capable of interacting with growth factors and morphogens [42–45]. Approximately one
in three of aggrecan’s CS chains have a non-reducing terminal chondroitin-4, 6 disulphated residue
(CS-E) in articular cartilage [46]. Highly sulphated CS-E binds the HS binding growth factors midkine
and pleiotrophin [47–49].

Approximately two in seven CS chains are terminated in 4, 6 disulphated GalNAc, which varies
with the age and cartilage type; four in seven of CS chains are terminated by 4-sulphated GalNAc;
and one in seven CS chains are terminated in a GlcUA linked to 4-sulphated GalNAc. Non-reducing
terminal 4,6-disulphated GalNAc residues are 60-fold more abundant than 4,6-disulphated GalNAc in
interior regions of the CS chain [24].

CS chains terminated in 4-sulphated GalNAc predominate in aggrecan from foetal to 15-year-old
knee cartilage, whereas, in 22–72-year-olds, 50% of the CS chains were terminated in 4,6-disulphated
GalNAc. GlcUA-4-sulphated GalNAc disaccharides terminated 7% of CS chains in foetal to 15-year-old
cartilage but fell to 3% in adults, whereas GlcUA-6-sulphated GalNAc represented 9% of the CS chains
in foetal to 72-year-old cartilage. This disaccharide is recognised by MAb 3-B-3 (−) [46].
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Figure 2. Immunofluorescent localisation of the 3-B-3(−) CS sulphation motifs on aggrecan associated
with rudiment cartilage of a rat intervertebral disc (a) and demonstration of the generation of the 3-B-3(−)
epitope by digestion of aggrecan and serglycin as model proteoglycans with hyaluronidase-4 (HYAL4)
(b). Immunolocalisation of the 3-B-3(−) and 7-D-4 CS sulphation motifs in developmental human foetal
knee joint cartilage (14 weeks gestational age) (c,d). The inset of (e) shows foetal aggrecan samples
separated by native composite agarose polyacrylamide gel electrophoresis and blotted to nitrocellulose
for detection of the 3-B-3(−) and 7-D-4 proteoglycan populations. Two aggrecan populations are
discernible. The 3-B-3 (−) CS sulphation epitope has a widespread distribution in the developing
rudiment cartilage, whereas the 7-D-4 epitope has a more discrete distribution pattern in small stem
cell niches in the cartilage surface. A schematic depicting a typical CS chain and digestion products
generated by endoglycolytic cleavage by HYAL4 generating the 3-B-3(−) non-reducing terminal on the
cleaved CS chain (f). Exhaustive digestion of CS by chondroitinase (Ch’ase) ABC also depolymerises
the CS chain but generates a 3-B-3(+) stub epitope attached to the CS linkage attachment to aggrecan
core protein. Inset image (e) modified from [50]. (a,c,d) Images supplied courtesy of Prof B. Caterson,
University of Cardiff, UK. As already shown in this manuscript approximately ~1–2 in every seven non-
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reducing termini of CS chains in cartilage are terminated in the 3-B-3(−) epitope and these vary with
age and cartilage type. The 3-B-3(−) epitope is a marker of tissue morphogenesis [36,51,52]. Stem cells
are surrounded in proteoglycans decorated with this CS motif [8–10]. This motif is also released into
synovial fluid in degenerative conditions such as OA [53–56]. Recently, Farrugia et al. [57] showed that
mast cells synthesised HYAL4, a CS hydrolase that could generate the 3-B-3(−) motif in the CS chains
of aggrecan and Serglycin in vitro.

The distribution of 4- and 6-sulphated CS epitopes is variable along a CS chain in aggrecan and is
influenced by the maturational status of the cartilage or the extent to which the cartilage was sampled
from a high or low weight-bearing cartilage region [3]. Certain trends have been observed in the
sulphation patterns of CS in aggrecan chains. C-4-S is more predominant in aggrecan from foetal
and young articular cartilage and occupies a central region in the CS chain, whereas non-sulphated
chondroitin is more predominant towards the linkage region. C-6-S has a predominant distribution
towards the non-reducing terminus and is more abundant in mature cartilage to the detriment of C-4-S
sulphation [51].

Graded partial digestions of CS chains with chondroitinase ABC or ACII reveals regions along the
CS chain where MAbs 6C3, 4C3 and 7D4 are most immunoreactive [51]. MAb 6C3 reacts optimally
with regions of CS chains towards the non-reducing terminus where C-6-S predominates, and this
reactivity is removed during early stages of chondroitinase digestion. Further digestion removes MAb
4C3 reactivity and continued digestion then removes reactivity to MAb 7-D-4. While the specific
epitopes identified by MAb 4C3 and 7D4 are yet to be identified, reactivity of these antibodies in a
range of tissues undergoing morphogenetic transition during development displays subtly different
immunolocalisation patterns and are of functional significance [52,58–65].

MAb 3-B-3 identifies a non-reducing terminal disaccharide in CS consisting of
GlcUA-GalNAc-6-sulphate, which is termed a 3-B-3(−) epitope to distinguish it from the 3-B-3(+) stub
epitope disaccharide attached to the linkage region that is generated by exhaustive end-point digestion
of CS chains by chondroitinase ABC [64]. As noted above, this non-reducing terminal 3-B-3(−) epitope
occurs in approximately two in every seven CS chains; disulphated C-4,6-S and C-6-S GalNAc also
occur as components in this non-reducing terminal disaccharide in CS chains [24,46].

3. HNK-1 Aggrecan Regulates Neural Crest Cell Migration during Embryonic Development

Neural crest stem cells (NCSCs) are a transient multipotent migratory embryonic neuroepithelial
cell population present in vertebrate embryos [66]. The neural crest (NC) gives rise to the neural
tube and notochord, neurons and glia of the peripheral nervous system/central nervous system
(PNS/CNS), melanocytes, cartilaginous and bony tissues of the craniofacial skeleton as well as cephalic
neuroendocrine organs and some cardiac tissues, including large vessels, valve leaflets and heart
tendons. NCSCs express Sox 10 and HNK-1 and transition to a mesenchymal NC tissue during
early embryonic development [67]. HNK-1 is a highly interactive functional module participating
in homophilic and heterophilic interactions [68] in a number of neural PGs and cell adhesive
proteins [69]. HNK-1 is also widely expressed on a number of myelin-associated glycoproteins
such as L1, myelin-associated glycoprotein (MAG), TAG-1 (transient axonal glycoprotein) [70] and
P0 as well as sulpho-glucuronyl glycolipids (SGGLs, SGGL-1 and SGGL-2) which have important
roles to play in the remyelination of damaged axons [69]. P0 and MAG are integral transmembrane
glycoprotein components of peripheral nerve myelin (Figure 3a,d). TAG-1, a GPI anchored 135-kDa
glycoprotein expressed transiently on the surface of subsets of neurons in the developing mammalian
nervous system, has neurite outgrowth promoting activity [70]. HNK-1 also mediates neural cell
attachment to laminin in ECM structures [71,72]. During early embryonic development, HNK-1
decorates aggrecan in the notochord, and this form of aggrecan has roles in the directional control
of NCSCs in the development of the neural tube, notochord, neural networks and associated tissues
(Figure 3e).
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Figure 3. Structure of human natural killer-1 epitope (HNK-1) present on: N-glycans (a); notochordal
aggrecan (b); brain phosphacan (c); and myelin Po glycoprotein in nervous tissues (d). Schematic
depictions of representative aggrecan structures in articular cartilage, brain perineuronal nets and
notochord in embryonic developmental tissues showing their variable relative KS contents and the
presence of HNK-1 carbohydrate substitution in brain and notochordal aggrecan (e).

4. Variation in the CS Chain Fine Structure with Development and Pathology in Health
and Disease

Several years ago [58,64,73], MAbs 3-B-3(−) and 7-D-4 were shown to identify chondrocyte-clusters
in pathological (osteoarthritic) canine and human articular cartilage. At that time, which pre-dated
knowledge of stem/progenitor cell niches in tissues, these cell-clusters were considered a classical
feature of the onset of late stage degenerative joint disease and were interpreted to indicate a failed,
late-stage, response to replace PGs in a matrix extensively degraded by matrix proteases. An alternative
explanation of this cellular phenomenon however has now emerged. It is now believed that these
“chondrocyte clusters” arise from adult stem/progenitor cell niches [74–77]. The 3-B-3(−), 4-C-3 and
7-D-4 CS sulphation motifs also occur in foetal development and are markers of anabolic processes in
transitional tissues (Figure 2a,d). An important feature of the stem/progenitor cell niche is the sulphation
of the PG GAG side chains (Figure 1a,f). Variable expression of GAG sulphotransferases and glycosyl
transferases in stem/progenitor cell niches (Figure 2a,c,d) supports such an interpretation [78–80].
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Cell clusters have also been shown to express Notch 1 and CD166, biomarkers that are synonymous
with the stem cell niche [74,81].

5. Effects of Modulation of CS Sulphation on Gene Expression and Cartilage Development

In chondrocyte cultures, p-nitrophenyl xyloside (PNPX) acts as a competitive acceptor of CS/DS
substitution on PG core proteins [82]. PNPX treatment reduces SOX-9, aggrecan and collagen type
II gene expression, levels of collagen type II protein synthesis and PG sulphation. It also leads to
delayed expression of native CS/DS sulphation motif epitopes and delayed chondrogenic differentiation
of bovine MSCs accompanied with reduced tissue development. While the precise role of native
CS sulphation motifs identified by MAb 3-B-3(−), 4-C-3, 7-D-4 and 6-C-3 in transitional tissues
are not known, they appear to be of importance in the initial stages of chondrogenesis and their
distribution patterns indicate they have roles in morphogenetic signalling through the capture and
cellular presentation of soluble bioactive molecules (growth factors, morphogens, etc.) of importance
in tissue development and morphogenesis [51,58–60,83] (Figure 2a,c,d).

6. Aggrecans Roles in Articular Cartilage, Fibrocartilages, Heart and Neural Tissues

Aggrecan is a large KS and CS substituted lectican PG family member with important space filling
and water imbibing properties. In weight-bearing articular cartilages aggrecan forms macro-aggregate
structures through interaction of its N-terminal G1 domain with hyaluronan and link protein [2,5,6].
Aggrecan–HA aggregates have important water-imbibing properties that entrap water in tissues
in a dynamic manner. These properties allow the aggrecan-rich tissues to resist compression and
equips articulating tissues in synovial joints with their weight-bearing properties. Cartilage is also
self-lubricating through moisture expelled at the cartilage surface when the joint is loaded arising
from aggrecan associated water molecules. This is a dynamic process with moisture returning to
the cartilage when load is reduced or removed from the joint. Aggrecan is widely distributed in the
articular hyaline cartilages of diarthrodial joints, but also occurs in the elastic and fibrocartilages of rib,
nasal and tracheal cartilages, larynx, outer ear and the epiglottis [84–87]. Aggrecan is also important
in foetal heart development and is a functional ECM component, which contributes to the resilience
of the endocardium, myocardium, epicardium and valve leaflets of mature heart tissue [17,88].
Aggrecan is also found in the CNS and PNS in perineuronal net (PNNs) structures. These are
aggrecan–HA–tenascin C aggregate structures which localise around neurons during development,
and are specialised forms of neural extracellular matrix (ECM), which have neuroprotective roles
and control synaptic plasticity [20,21,89]. Several studies show that, similar to notochordal aggrecan,
brain aggrecan does not contain KS; however since most of these studies were conducted in mice and
murine cartilage aggrecan does not contain KS, the significance of this statement needs to be carefully
evaluated [90–92]. Further studies on bovine, ovine and human aggrecan have shown that, while KS is
present on brain aggrecan, its content is significantly reduced compared to cartilage aggrecan [90,92–94]
(Figure 3e). The hydrodynamic size of brain aggrecan is smaller both due to this absence of KS chains
and replacement of CS chains with the HNK-1 trisaccharide. Embryonic chick cartilage aggrecan
contains KS however notochordal aggrecan does not. HNK-1 aggrecan is also found in early embryonic
cartilage rudiments but it disappears with tissue maturation.

The notochord is a full-length embryonic midline structure found in the Chordata [95].
In vertebrates, the notochord is critical for development and defines the major axis of the embryo [96].
The notochord is a source of developmental signals that regulate the patterning of tissues surrounding
the notochord [97]. Hedgehog proteins (Shh, Ihh and Dhh) secreted by the notochord are central
regulators of embryonic development [98] and control the patterning of tissues and proliferation of cell
populations which form a wide variety of organs including the brain, heart and kidneys. Aggrecan
interacts with the hedgehog morphogens and has key roles in the regulation of cellular proliferation
and tissue development by embryonic NCCs in these tissues. Morphogens orchestrate the actions
of progenitor cell populations through the regulation of cellular behaviours including migration,
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proliferation and matrix deposition into the axial embryonic tissues and in the patterning of the
surrounding connective tissues.

7. Co-Ordination of Weight-Bearing and Tension-Bearing Properties in Tissues

Aggrecan equips tissues with an ability to withstand compressive loads and provides mechanical
support to elastic and collagenous fibre networks within tissues. These supporting fibre networks
provide mainly tensile strength within tissues and are weak in compression. The hydrodynamic
space-filling properties conferred by aggrecan therefore allow these tissues to function optimally to
resist tensional and shear stresses as well as providing elastic and compressive resilience. Elastic
fibrillar structures control reversible tissue deformation providing elasticity to otherwise largely
inextensible collagen rich tissues such as cartilage [99–102]. Historically, the major emphasis of many
aggrecan studies were aimed at understanding how aggrecan conveyed functional properties to the
weight-bearing articular tissues of diarthrodial joints. The importance of the high fixed charge density
of the aggrecan GAG side chains became apparent as an important contributor to the osmotically driven
hydration of cartilage which equipped it with the ability to withstand compressive loads [103,104].
However, a few careful studies on aggrecan GAG composition and structure during development,
maturation and degeneration also provided important functional information on the GAG side chains
of aggrecan. These studies established the importance of GAG sulphation as a functional determinant
required not only for aggrecans role in weight bearing but also equip aggrecan with cell directive
properties and an ability to interact with morphogens, growth factors and cytokines of importance in
tissue development [27,61,105,106].

8. Modifications to Aggrecan Side Chain Structure Modifies Its Functional Properties in Tissues

In adult articular cartilage, aggrecan contains ~100 CS and ~25–30 KS chains, which collectively
represent ~90% of the mass of this PG [4]. CS is the predominant GAG in aggrecan and is localised
on the C-terminal half of the core protein in so-called CS1 and CS2 domains (Figure 3). KS is also
present in a KS rich region between the N-terminal globular domains and the CS rich region. These are
O-linked through Serine residues to the aggrecan core-protein and have been classified as KS-II
chains [2,107]. Complete sequencing of the murine core protein [108,109] shows that it does not contain
the consensus sequences for attachment of KS as found in human aggrecan core protein (E-(E,K)-P-F-P-S
or E-E-P-(S,F)-P-S) [8,110,111]. Humans and bovine aggrecans contain a 4–23 hexapeptide repeat
segment where KS is attached, while rats and other rodents lack this region [110,111]. Rodent aggrecan
is truncated in the KS rich region thus does not contain a KS rich region such as that found in human or
bovine aggrecan. Rodent aggrecan does however contain small N- and O- linked KS chains in the G1,
G2 and interglobular domain (IGD); IGD KS chains have been proposed to potentiate aggrecanolysis
by ADAMTS4 and ADAMTS5 [112]. The lack of a KS rich region in mouse aggrecan does not appear
to be detrimental to its normal properties in mouse articular cartilage.

While much still needs to be learnt of the specific roles played by KS in aggrecan, much has already
been uncovered about the interactive properties of this GAG in a number of physiological processes
in the last decade. Corneal KS-I is interactive with a number of cell stimulatory molecules [113]
such as insulin-like growth factor binding protein-2 (IGFBP2) [114], SHH, FGF1 and FGF2 [115–118].
A proteomics and microarray screen of 8268 proteins and secondary screen of 85 extracellular nerve
growth factor epitopes using surface plasmon resonance, micro-array and microsequencing has
shown that KS-I interacted with 217 proteins including 75 kinases, membrane and secreted proteins,
cytoskeletal proteins, nerve regulatory proteins and nerve receptor proteins [113]. In comparison,
chondroitin-4-sulphate interacted with 24 proteins including 10 kinases and 2 cell surface proteins
in the same microarrays. Confirmation of these interactions by surface plasmon resonance allowed
binding constants to be calculated and the validity of these putative interactions to be determined. Of 85
ECM nerve-related epitopes, KS-I bound 40 proteins, including Slit, two Robos, nine Eph receptors,
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eight Ephrins, eight Semaphorins and two nerve growth factor receptors. It has yet to be ascertained
however if the KS-II chains of aggrecan have similar interactive properties as KS-I.

Antibodies which detect low sulphation KS motifs have now been developed (reviewed in [119])
and have demonstrated KS in a number of tissues previously thought to be KS deficient after labelling
with mAbs such as 5-D-4, which is specific for highly sulphated KS epitopes [120]. Roles are emerging
for low sulphation KS-epitopes in electro-sensory processes [69,115,121]. Neural tissues are the second
richest source of KS in the human body after the cornea [69,115].

While aggrecan has important interactions with growth factors and morphogens which direct
chondrocyte proliferation and differentiation in cartilage development and maturational processes
essential in endochondral ossification and skeletogenesis, it also has important functional roles to play
in weight-bearing and in the stabilisation of the cartilage ECM. Aggrecan, as its name indicates, forms
massive mega Dalton aggregate ternary complexes via interaction of its N-terminal HA binding G1
domain with hyaluronan (HA) stabilised by cartilage link protein which shares homology with the G1
domain and also has HA binding properties [2,4,107]. The G3 domain of aggrecan also interacts with
tenascin-C via its fibronectin type III repeats, which have lectin binding activity, and these interact with
the C-type lectin motifs on the aggrecan G3 domain [19,122–124]. Tenascin-C, R, Fibulin-1 and fibulin-2
also bind to the cartilage aggrecan G3 domain through interactions with its C-type lectin and EGF
domains of G3 [15]. The C-type lectin of the aggrecan G3 domain also interacts with cells and activates
the Complement system [124]. Complement is a defence system against foreign pathogens and aids
in the removal of dying cells, immune-complexes, misfolded proteins and invading microbes [125].
Excessive complement activation can exacerbate autoimmune disorders and pathological inflammatory
conditions such as rheumatoid arthritis (RA) [126]. Complexes of matrilin-1 and -3 and biglycan
or decorin also connect collagen VI microfibrils to collagen II and aggrecan [127], forming a link
between the PG and fibrillar collagenous networks in cartilage and IVD [1,3,5]. Cartilage oligomeric
protein (COMP and TSP-5) also binds to aggrecan, providing an extended co-operative network in
cartilage [128], which helps to distribute loading stresses throughout this tissue avoiding the point
loading which can be damaging to ECM components [3]. This extended collagen–aggrecan network
also provides a mechanosensory biosensor system extending far from the cell through the interstitial
and inter-territorial matrix, which allows the chondrocyte to perceive and respond to perturbations
not only in its local mechanical microenvironment but also to more remote cartilage regions to regulate
tissue homeostasis and optimal tissue functional properties [1,3].

The essential role of aggrecan to cartilage function is well illustrated in a naturally occurring
Cmd (cartilage matrix deficient) mutant mouse [129], which has a single 7 bp deletion in exon 5
of the aggrecan gene which encodes the B loop of the G1 domain of aggrecan [130]. Homozygote
(cmd/cmd) mice display dwarf-like features, spinal deformity, chondrodysplasia, abnormal collagen
fibrillogenesis, a cleft palate [130], deafness [131] and die shortly after birth due to respiratory
failure [132]. The articular cartilage of the Cmd−/Cmd− mouse displays tightly packed chondrocytes
surrounded by little matrix; growth plate cartilage contains chondrocytes arranged in disorganised
columns of diminished length in severely diminished proliferative, pre-hypertrophic zones consistent
with the reduced proportions of these mice [132] (Figure 4a). Cultured nanomelic chick chondrocytes
synthesise a truncated aggrecan core protein precursor [133] due to a premature stop codon, and this
is not translocated to the Golgi apparatus for processing, which leads to an absence of aggrecan
in nanomelic cartilage, chondrodysplasia, disrupted organisation of the hyaline and growth plate
cartilages, severely diminishing skeletal stature [134–137] (Figure 4b).

While the role of the KS chains in the G1 and G2 domains of aggrecan is largely unknown,
some G1 KS chains have been found to sterically obscure an N-terminal T cell attachment site in
aggrecan and have a protective effect over autoinflammatory conditions arising from fragmentation of
aggrecan (Figure 5a,b). Further T cell interactive sites in the G3 domain of aggrecan have also been
identified which may contribute to auto-inflammatory arthritic conditions [138–140]. These G1 KS
chains suppress a T cell mediated response initiated by free G1 when it is used as an arthritogen in
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models of inflammatory arthritis [138–142]. KS chains in the IGD also potentiate aggrecanase activity
in this region of the core protein [143]. A few KS chains are also interspersed within the CS rich region.
KS-II chains in aggrecan from weight-bearing tissues such as articular cartilage and IVD contain
1-3 fucose and 2-6 N-acetyl-neuraminic acid residues [119]; however, these modifications in KS are
absent in aggrecan from non-weight-bearing nasal and tracheal cartilage [144]. The significance of
these KS modifications and why they only occur in aggrecan from weight-bearing tissues is unknown;
antibody 3D12/H7 identifies these KS chains embedded in the CS rich region [145] but they do not
share immunological identify with KS chains in the KS rich region. This KS epitope contains three
sulphate groups and two fucose residues on GlcNAc residues in a branched fucosylated sialo-KS
structure of unknown function.

Figure 4. Demonstration of the modulation of growth plate cartilage morphogenesis by aggrecan
in wild type (WT) (A) (a–h) and nanomelic E7-E12 chick tibia (B) (a–r). The ISH images presented
demonstrate the expression of: FGFR3 (a); type X collagen (b); and Indian Hedgehog (IHH) (c) in WT
(a–c); and nanomelic growth plate (d–f) in E12 (a–f); E7 (g–l); and E8 chick tibia (m–r). Images modified
from [134] with permission using open access.
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Figure 5. Structural organisation of aggrecan depicting the CS, KS and HS GAG chain distributions (a)
and T cell receptor epitopes on the G1 and G3 globular domains (b). The aggrecanopathies showing
regions of aggrecan affected by these mutations and the diseases that result (c).

Several mutations in the aggrecan gene have been documented, which affect variable regions in
the aggrecan core protein leading to a number of conditions collectively termed the aggrecanopathies
(Figure 5c) [146,147]. The aggrecanopathies are a spectrum of non-lethal skeletal dysplasias including
spondyloepimetaphyseal (SEMD) and spondyloepiphyseal dysplasia (SED), osteochondritis dissecans
(OCD) and a number of accelerated bone maturation disorders that result in short stature and
idiopathic short stature (ISS) [146,148]. Skeletal abnormalities are also prominent features of animal
models which display deficient levels of cartilage aggrecan such as the Cmd mouse [129,130] or
nanomelic chick [137,149]. Brachymorphism [150] also results in reduced PAPS levels, and the
aggrecan synthesised is deficiently sulphated and functionally impaired, resulting in abnormal skull
development and short squat skeletal frames [151–153]. Manipulation of the diastrophic dysplasia
sulphate-transporter gene (DDST) also results in the synthesis of aggrecan with deficient sulphation
levels and a variety of skeletal abnormalities such as short stature and joint dysplasia in diastrophic
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dysplasia [151], micromelia in atelosteogenesis Type II [152] and short skeletal proportions due to
aberrant trunk and extremity development in achondrogenesis Type II. Heterozygous ACAN mutations
result in a phenotypic spectrum of skeletal abnormalities including short stature, accelerated bone
maturation, early growth cessation, poor responsiveness to human growth hormone, brachydactyly,
early-onset OA and susceptibility to the development of degenerative disc disease due to dysfunctional
articular cartilage and IVD tissues [147,154–156]. Osteochondritis dissecans (OCD) is a disabling
condition characterised by abnormal deposition of aggrecan in cartilage and the appearance of cracks
in the cartilage and subchondral bone. This condition effects juveniles and adults but its aetiology
is unknown. Trauma has been suggested as a predisposing factor in juveniles and recent genomic
wide studies have identified a cluster of genes associated with this condition suggesting that it may
also have a genetic basis [157–159]. Several skeletal dysplasias have been shown to be due to a
constitutively activated mutation in a transient receptor potential vanilloid 4 (TRPV4) cation channel
protein [160–164]. This results in abnormal cation mediated cell signalling by chondrocytes and altered
regulation by BMP2 and TGFβ1 activity [164].

Aggrecan is required for correct growth plate cytoarchitecture and differentiation, endochondral
ossification and skeletogenesis [165]. The CS side chains of aggrecan make important contributions
to this process and their sulphation status is an important functional determinant [60]. Six CS
N-acetylgalactosaminyltransferases (t1–t6) have been described. Initial stages of CS sulphation
is undertaken by t1 and t2; t1 and t2 double knockout mice display shortened growth plates,
distorted hypertrophic growth plate regions, reduced growth plate chondrocyte proliferation, type X
expression, dwarfism, disruption in the postnatal formation of the secondary ossification centres and
chondrodysplasia; this is lethal postnatally [166] (Figure 8). Aggrecan aggregates are also formed in
the CNS and PNS stabilised by interaction with tenascin-C and tenascin-R, HA and a brain specific link
protein variant Bral-1 (HAPLN2) to form perineuronal nets (PNNs), which are structures assembled
around neurons (Figure 7) that scavenge oxygen free radicals in neural tissues thus preventing
oxidative stress [19,20,93,167–169]. Brain tissue is fatty acid rich and prone to oxidative damage,
which produces reactive species that detrimentally affect mitochondrial activity in neurons. Brain tissue
is metabolically demanding and requires optimal mitochondrial activity to ensure energy production
to power neuronal signalling.

Figure 6. Chondroitin sulphate N-acetylgalactosaminyltransferase-1 and -2 (T1/2) knockout induces
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dwarfism in mice and altered cartilage structural organisation of the femoral condyle, its ossification
centre and growth plate in wild type mice (a,c,e) and T1/2 knockout mice (b,d,f). The boxed area in
(c,d) is depicted at higher magnification in (e,f). Safarin O-Fast green stain depicting aggrecan GAG
distribution. Arrows depict normal ossification centre in (c) and abnormal structural organisation in
T1/2 knockout mice in (d,f). Figure modified from [166]. Figure reproduced under the terms of the
Creative Commons Attribution Licence Copyright: 2017 Shimbo et al. [166].

Figure 7. Visualisation of: perineuronal net structures (a,b); vascular features (c); and ganglion cells
(d,e) in cerebellum and dorsal root ganglia using MAb 1B5 in confocal images. Immunolocalisation
of CS Isomer 1B5 in paraformaldehyde fixed 20-µm cryo-sections of 24-month-old Wistar rat brain
and lumbar dorsal root ganglia. Confocal z-stacked images of IB5 CS stub epitope generated by
chondroitinase ABC digestion using Alexa 488 secondary antibody for detection and propidium iodide
nuclear counterstain, mounted under coverslips using Vectasheld mountant. Images courtesy of Prof
B. Caterson, University of Cardiff. Copyright Caterson, Hayes 2012 (a–f). Immunolocalisation of
perineuronal nets surrounding isolated neurons in murine visual cortex using: antibody to parvalbumin
(g,i); Wisteria floribunda lectin (h); and in a merged image (j). A schematic model of the perineuronal
net structure in the boxed area in (k) showing its constituent lectican proteoglycans (aggrecan, versican,
neurocan and brevican) interacting with tenascin hexabrachion and hyaluronan to form an aggregate
structure stabilised by link protein. A key is provided to explain items in (k,l). Figure modified
from [170] under Open Access under the auspices of a Creative Commons Attribution License.
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9. Aggrecan–GAG Interactions Are of Importance in Heart Development

During early embryonic development, ectodermal NC cells migrate to form the neural tube and
notochord under the direction of HNK-1 substituted aggrecan. This HNK-1 substituted form localises
to the peri-notochordal space where its repulsive cell interactive properties guide the NC cells to
form the notochord in a co-ordinated pattern-dependant manner (Figure 9). Equally impressive is the
direction of assembly of tissue structures through HNK-1 aggrecan with NC cells migrating outwards
along specific guidance tracts to form the cardiac neural crest region and the cardiac septae, outflow
tracts and aortic arches [171] (Figure 9). Development of the heart valves and cardiac muscle with
electroconductive properties from the endocardial cushions is also regulated by distinct spatiotemporal
distributions of aggrecan and versican [16,172]. Heart tissues have remarkable mechanical properties
of elasticity, compressibility, stiffness, strength and durability achieved through careful guidance of
cell-mediated ECM assembly of collagen fibril and versican- and aggrecan-rich tissue regions to provide
these tissues with highly specialised functional properties. Cardiac tissues are electroconductive and
the charge transfer properties of GAG side chains of heart PGs may contribute to tissue properties in a
similar manner to how electrosensory properties are conveyed to neural tissues. Similar developmental
processes are also evident in the formation of cartilage, tendon and bone using the same ECM
components but in a different manner to effect specialised tissue function [11]. The development of
co-ordinated electroconductive cardiomyocyte networks with synchronised pulsatile properties is a
particularly impressive achievement [173,174]. The properties of the heart valves and heart strings
are equally important to heart function and these have material properties more similar to cartilage
and tendon. It is not surprising therefore that aggrecan and transcription factors such as Sox 2, Sox 9
and growth factors/morphogens such as FGFs/BMPs play such prominent roles in the development of
cardiac tissues [11].

Figure 8. Demonstration of: Sox 10 (a,e); Seraf (b); and HNK-1 epitope (c,d) expression in migratory
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neural crest cells (a,c) and in whole mount chick embryos (b,d,e). (a,c,d) In-situ hybridisation images.
(b,e) Immunolocalisations with specific antibodies. Seraf (Schwann cell-specific EGF-like repeat
autocrine factor) is a unique protein expressed by avian embryo Schwann cell precursor cells [175].
Images reproduced from [176] under the auspices of attribution-non-commercial-no derivatives 4.0
international licence (CC BY-NC-ND 4.0).

Figure 9. Fluorescent immunolocalisation of HNK-1 and aggrecan S103L epitope in 2–5-day-old chick
trunk sections associated with the neural tube (NT) and notochord (N) development (a,b) and in
Western blots (c) of purified chick notochordal and cartilage aggrecan. Keratan sulphate was also
immunolocalised on blots using MAb 5-D-4. Notochordal aggrecan was S103L and HNK-1 positive but
did not contain KS and was of a smaller molecular weight; the 400-kDa cartilage aggrecan species was
not detected. Cartilage aggrecan did not stain with the HNK-1 antibody. The S103L antibody identifies
the sequence 585XXX Glu Ileu Ser Gly Phe Leu Ser Gly Asp Arg615 in the CS attachment domain of
aggrecan. Images reproduced from [177–179].
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The calcineurin/nuclear factor of activated T cells (NFatc1), which regulates osteoclast
differentiation [180], is also required for valve formation [181,182]. Myocyte-specific enhancer factor
2C (Mef2c), a master transcription factor which regulates hypertrophy and osteogenic differentiation
of chondrocytes [183], is also essential for normal cardiovascular development, and loss of function
mutations in Mef2c contribute to congenital heart defects [184]. Moreover, activated BMP signalling
has been shown to increase expression of cartilage and bone-type collagens, and increased expression of
the osteogenic marker Runt-related transcription factor 2 (Runx2)/core-binding factor subunit alpha-1
(CBF α-1) is observed in adult aortic valve disease [185]. Thus, there is considerable overlap in cartilage
synonymous transcriptional factors in the integrated development of functional heart tissues. The cell
directive properties of HNK-1 aggrecan not only makes a particularly important contribution to the
sculpting of embryonic cardiac tissues but it is also a functional component of these tissues.

10. Aggrecan and Cellular Regulation

The form of aggrecan present in the notochord does not contain KS but contains the HNK-1
trisaccharide recognition motif [92] (Figure 3b,e). S103L reactive aggrecan is prominent in the
peri-notochordal space and its inhibitory properties on NC cells instructively guides their migration
during formation of the neural tube and notochord [90,91] (Figure 9). The absence of KS on aggrecan is
not without precedent. Rodent aggrecan has a truncated core protein and also does not contain a KS
rich region; however, this is not detrimental to its weight-bearing properties in cartilage or the turnover
of aggrecan by MMPs in these tissues. Rodent aggrecan contains small O- and N-linked KS chains in
the G1, IGD and G2 domain described in human aggrecan with roles in the potentiation of ADAMTS-4
and -5 activity. Some studies have also reported the existence of populations of aggrecan devoid of KS
in brain tissues based on an absence of reactivity with 5D4 anti-KS antibody, although their detailed
characterisations have yet to be provided. Aggrecan expressed by embryonic glial cells in the brain
is an astrocyte developmental regulator [186]. Chick aggrecan nanomelia mutants display marked
increases in the expression of astrocyte differentiation genes in the absence of extracellular aggrecan
indicating that aggrecan regulates astrocyte differentiation and controls glial cell maturation during
brain development [186]. Heavily sulphated CS chains on aggrecan and other PGs can bind the midkine
family members (midkine and pleiotrophin), and some FGF family members (FGF-1, -2, -16 and -18)
provide clues as to how they influence cellular processes [48,187]. Appican in brain tissue [188], a CS-PG
synthesised by astrocytes but not by neurons [189], contains embedded CS-E motifs [190] within
their CS side chains which interact with heparin-binding neuroregulatory factors [187]. Expression of
Appican by astrocytes induces morphological changes in C6 glioma cells and promotes adhesion of
neural cells to the ECM [191].

In articular cartilage, the CS chains of aggrecan have major roles in the attraction of water into
this tissue which forms the basis of its hydrodynamic viscoelastic properties as a weight-bearing
tissue. However the non-reducing terminal regions of the CS chains of aggrecan from articular and
growth plate cartilages also contain 4, 6-disulphated CS, and these are likely binding candidates
for morphogenetic proteins which show a similar distribution to aggrecan in these tissues [192].
BMP-2, FGFR-3 and IHH co-distribute in growth plate cartilage with the pre-hypertrophic cells [193].
BMP-2, BMP-4 and dual BMP-2/4 knockout mice have severely disturbed shortened growth plate
organisation due to decreased chondrocyte proliferation and increased apoptosis [194–196]. Type X
collagen expression is also severely down regulated as is MMP-13 expression in BMP-2/4 KO mice.

11. Role of IHH in Chondrogenesis

Indian hedgehog (Ihh) [197], a member of the hedgehog protein family along with sonic hedgehog
(Shh) [198], regulates chondrocyte differentiation, proliferation and maturation in articular cartilage
development [199] and during endochondral ossification through interactions with parathyroid
hormone-related peptide (PTHrP) [200] and BMP mediated cell signalling [201]. Ihh has multiple
functions during skeletogenesis [202–204]. Mice lacking the Ihh gene exhibit severe skeletal
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abnormalities, including markedly reduced chondrocyte proliferation and abnormal maturation
and an absence of mature osteoblasts, which has detrimental effects on bone development [205].
Ihh and its receptor, smoothened (smo), are expressed in chondrocytes and osteoblasts thus Ihh may
have a direct effect on osteoblasts, or its effects may be mediated indirectly through chondrocytes
during the process of endochondral ossification.

IHH colocalises with aggrecan in the growth plate (Figure 4A,B; plate A g; B c,f). Aggrecan
regulates the expression of growth factors and signalling molecules during cartilage development
and is essential for proper chondrocyte organisation, morphology and survival during formation of
the axial skeleton. The sulphated GAGs of the CS and KS side chains of aggrecan provide water
imbibing properties creating a large hydrophilic molecule important for the hydration of cartilage
and the provision of its hydrodynamic weight-bearing properties but also bind growth factors and
morphogens crucial to chondrocyte maturation and function [27,206]. Thus, aggrecan should not be
considered merely as a space-filling ECM component that provides hydration and weight-bearing
properties to tissues but also a cell directive tissue organiser that is capable of modulating the activity
of growth factors and morphogenetic proteins, thus mediating tissue development. Indeed, aggrecan
knock-out mutants display a range of severe ECM defects, which supports this proposal [134,165].

12. HNK-1 Carbohydrate Epitope as a Recognition Motif

The human natural killer-1 (HNK-1) carbohydrate motif is a unique sulphated trisaccharide
of the structure SO4-3GlcAβ1-3Galβ1-4GlcNAc, which is developmentally and spatially expressed
in a cell-type specific manner within the CNS (Figure 3a–d) [207]. HNK-1 is also a well-known
CNS glycoprotein epitope with essential roles to play in neural plasticity, higher brain function,
synaptic plasticity, spatial learning and memory. However, it is not limited to the CNS and also
displays specific localisations in other strategic locations elsewhere in the human body including in
the kidney [208], the heart [209,210], retina [211] and as a component of the PNNs identified in the
auditory system [212]. As a neural cell marker, HNK-1 plays crucial roles in cell migration and cellular
attachment during embryonic nerve development and formation of the notochord from the neural tube
(Figure 9). Carbohydrate–protein interactions between HNK-1 reactive sulpho-glucuronyl-glycolipids
and PG lectin domains mediate neuronal cell adhesion and neurite outgrowth [213–215]. Some laminin
isoforms also bind specifically to sulphated glycolipids [216] and are important in cell adhesion [215],
particularly in nerve development. Several neural cell-adhesion molecules contain the HNK-1
epitope including neural cell adhesion molecule (NCAM), myelin associated glycoprotein (MAG),
myelin basic protein (MBP), neural-glial adhesion molecule (Ng- CAM, L1), contactin, P0, Tenascin-C,
Tenascin-R. Sub-populations of the enzymes N-acetylcholinesterase and 5′-nucleotidease also contain
the NHK-1 epitope, which is important in their localisation in synaptic vesicles and membranes.
Acetyl cholinesterase and 5′-nucleotidase are GPI anchored ecto-enzymes of high catalytic efficiency.
Acetylcholinesterase cleaves the neurotransmitter acetylcholine in the neuromuscular junction (NMJ)
and this allows muscles to return to a relaxed state following contraction. Acetylcholinesterase cleaves
in excess of 5000 molecules of acetylcholine/s per molecule of enzyme. Without such an efficient
enzymatic system and co-ordinated expression of neurotransmitters in the NMJ, muscles would be
tensed and relaxed in an uncoordinated manner and movements would be jerky and irregular as
evident in neuromuscular disorders such as Parkinson’s disease or the spastic paralysis evident in
Schwartz–Jampel Syndrome. It is not surprising therefore that the expression of NHK-1 is under strict
spatial and temporal regulation on migrating neural crest cells, cerebellum, myelinating Schwann
cells and motor neurons but not on sensory neurons. A form of HNK-1 substituted aggrecan is
synthesised in the notochord and in early foetal rudiment cartilage [90,92] (Figure 9a,b). HNK-1
has been immunolocalised to the electro-receptors of the shark and electric organs of the electric eel
(Electrophorus electricus), electric catfish (Malapterurus electricus) and electric ray (Torpedo marmorata).
HNK-1 has also been mapped to electroconductive tissue during human foetal heart development
and is expressed by cultured cardiomyocytes leading to the development of smart electroconductive
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polymers for applications in regenerative medicine [217]. HNK-1 sulphotransferase (HNK-1ST)
catalyses the transfer of sulphate to position 3 of terminal glucuronic acid in protein and lipid linked
oligosaccharides carried by many neural recognition molecules [218,219]. These facilitate cellular
interactions during CNS development and in synaptic plasticity. HNK-1 ST acts in combination
with two other glucuronyl transferases (GlcAT-P and GlcAT-S) to form a heteromeric complex in the
biosynthesis of the HNK-1 trisaccharide epitope [220,221]. HNK-1 ST suppresses the glycosylation of
α-dystroglycan in sub-populations of melanoma cells in a number of tissues where neither GlcAT-P
nor GlcAT-S is expressed, and this reduces the ligand binding capability of α-dystroglycan establishing
a tumour suppressor role for HNK-1 ST in melanoma. The HNK-1 epitopes of acetylcholinesterase
and 5′-nucleotidase have roles in cell–cell and cell–matrix communication independent of their
enzymatic activities.

HNK-1 (SO4-3GlcAβ1-3Galβ1-4GlcNAc) is expressed on N-linked and O-mannose linked glycans
in the nervous system. Several proteoglycans bear the HNK-1 epitope including phosphacan and
aggrecan (Figure 3b,c). NHK-1 sulphotransferase can utilise the xylose-galactose-galactose-glucuronic
acid linkage tetrasaccharide as acceptor to attach the 3-O sulphate group to the non-reducing glucuronic
acid residue [222] but in so doing inhibits further CS chain elongation; thus, aggrecan substituted
with HNK-1 has a lower density of CS chains and has a reduced hydrodynamic size compared to
cartilage aggrecan [220,222]. Phosphacan occurs as a soluble PG and as a variant protein tyrosine
phosphatase which contains KS and CS side chains in addition to HNK-1 carbohydrate. The HNK-1
motif in phosphacan is O-mannose linked through an Asn on the core protein. Notochordal and early
rudiment cartilage cells synthesise a form of aggrecan substituted with the HNK-1 epitope, but this
disappears in later stages of skeletal development (Section 9 and Figure 9).

The HNK-1 substituted Tenascin-R and -C splice variant multimeric ECM glycoproteins contain
multiple FNIII and EGF repeats and a fibrinogen domain which are interactive with the C type lectin
domains of the lectican CS PG family in brain [223,224]. Tenascin-R is a major component of the PNNs
which surround neurons in the brain, spinal cord and in specific areas of the hippocampus [225].
Perineuronal nets consist of the lectican CS-PGs assembled into extracellular networks through
interaction with HA and link proteins cross-linked by Tenascin-R and are linked to neurons through
their C-terminal domains, endowing them with neuroprotective properties [226] (Figure 7a–e,k).

13. The Therapeutic Potential of Aggrecan and Its GAG Side Chain Components

13.1. Analysis of Cartilage Aggrecan and Its GAG Side Chains

As already shown in this review, aggrecan is a large specialised protein which provides
weight-bearing or space-filling properties to cartilaginous tissues through its large solvation volume
and ability to imbibe water. Cartilage aggrecan has a core protein of ~250 kDa and contains ~100 CS
and 25–30 KS side chains, which collectively represent ~90% of its mass. As also shown in this review,
aggrecan forms also exist in specialised tissue niches and in developmental contexts which do not
contain KS or have some CS chains replaced by the HNK-1 trisaccharide which result in changes in
aggrecan’s interactive properties. Murine aggrecan contains a truncated core protein and is devoid of
a KS rich region; however, this does not impede its functional properties in murine cartilage or the
normal turn-over of this proteoglycan. Thus, the functional importance of KS in human aggrecan
is unknown at present and the need for two GAG types in aggrecan is a question which has yet
to be answered. While corneal KS-I has interactive properties with a range of neuron associated
proteins [113,119] such as SHH, FGF-1 and FGF-2 [117], it is not known if the KS-II chains of aggrecan
share this property. KS-II differs from KS-I in its capping modifications with l-fucose and N-acetyl
neuraminic acid [119], which render KS-II resistant to total depolymerisation by keratanase-I and II
and endo-β-d-galactosidase apparently through steric constraints which prevent access of these KS
depolymerising enzymes to KS substrate, KS-I is totally depolymerised under the same digestion
conditions thus significant differences exist between KS-I and KS-II [227]. This could also sterically
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impede potential interactions of KS-II with other ligands. Furthermore, cartilage aggrecan also contains
a few KS chains interspersed within its CS-1 and CS-2 rich regions. An antibody to these KS chains,
(MAb 3D12/H7) identifies trisulphated fucosylated and poly-N-acetyllactosamine modifications in
the KS linkage regions in these KS chains to aggrecan core protein [145]. These 3D12/H7 positive KS
chains do not share immunological identity with the KS-II chains of the KS rich region of aggrecan
however their functional properties still have to be ascertained.

To understand the properties of the aggrecan side chain GAGs and how these may contribute to
the properties of aggrecan, methods have been developed to isolate aggrecan and its GAG side chains
from cartilaginous tissues.

13.2. Aggrecan Isolation Procedures

To isolate aggrecan from cartilage for analysis, it must be dissociated from its ternary complex
formation with HA and link protein. This is achieved by using chaotropic agents such as guanidinium
hydrochloride (GuHCl), which disrupts the water structure of the tissue, opens up the dense collagenous
structure allowing dissociation of the aggrecan–HA–link protein complexes and release of aggrecan
monomer which diffuses out of the tissue and is recovered in the extraction solution [228]. Cartilage is
initially diced into small pieces to reduce the diffusive pathways out of the tissue for effective extraction;
broad spectrum protease inhibitors covering all four mechanistic classes of proteases are included
in the extraction solution to protect the aggrecan from proteolysis. Homogenisation procedures,
which are commonly used in the extraction of proteins from other soft connective tissues, cannot
be used for the isolation of aggrecan in an intact form since their high shear forces fragment the
aggrecan. The cartilage extract can then be subjected to anion exchange chromatography on support
matrices derivatised with anionic ligands such as diethylaminoethyl (DEAE) or sulphopropyl [229],
dissociative size exclusion chromatography in 4-M GuHCl containing buffers using open pore gel
chromatographic media such as Sephacryl or Sepharose CL2B [230], or density gradient equilibrium
isopycnic ultracentrifugation in high concentrations of CsCl [231]. This latter procedure relies on
aggrecan’s high buoyant density in CsCl gradients of ≥1.55 g/mL to isolate aggrecan; while extracted
proteins typically have buoyant densities of 1.3–1.35 g/mL, HA has a buoyant density of 1.4–1.45 g/mL.
Density gradient ultracentrifugation can be conducted in the presence of 4M GuHCl to ensure aggrecan
is isolated free of other interactive components also present in the cartilage extract [231,232].

13.3. Analysis of Aggrecan’s GAG Side Chains

The CS chains of aggrecan are primarily of interest since these make a major contribution to
aggrecans physicochemical and biological properties in tissues, whereas the function of the more minor
KS chains are currently not known and thus are of lesser interest [116,233–235]. Several qualitative
and quantitative methods have been developed for the discriminative measurement of intact GAG
chains, including dye specific, thin layer chromatography (TLC), capillary electrophoresis [236–238],
high-performance liquid chromatography (HPLC), various mass-spectrophotometric formats including
liquid chromatography–tandem mass spectrometry (LC-MS/MS) [239–241], gas chromatography,
enzyme linked immunosorption analysis (ELISA) using a wide array of anti-GAG antibodies,
GAG microarrays and automated high-throughput mass spectrometric methods. Electrophoretic
methods to separate intact GAG chains and GAG disaccharides generated by GAG depolymerising
enzymes by capillary electrophoresis and conventional slab gel formats use media such as highly
purified agaroses [242], polyacrylamide or mixtures of these as separation media. GAGs can
be descriminated enzymatically either by eliminative cleavage with lyases (EC 4.2.2.-) or by
hydrolytic cleavage with hydrolases (EC 3.2.1.-). These enzymes can be used in combination with
chromatographic or electrophoretic separation methodologies to identify GAG species [243–247].
Following electrophoresis, electroblotting of the separated GAGs can be employed to nylon or
nitrocellulose support membranes treated with cationic detergents. A large array of specific anti-GAG
antibodies can be used for identification of the blotted GAGs. In gel, detection of separated
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GAG disaccharides and oligosaccharide species can also be carried out using fluorophore assisted
carbohydrate electrophoresis (FACE) [248]. Capillary electrophoresis, has high resolving power
and sensitivity in the analysis of GAG composition, disaccharide sulphation patterns and sequence
analysis [236–238].

14. Evaluation of the Aggrecan Content and Distribution in Pathological Cartilage Using
Imaging Techniques

This review shows that aggrecan is an important functional component of articular cartilage and is
depleted in OA cartilage. Several non-invasive cartilage imaging procedures have been developed that
allow the assessment of the spatiotemporal distribution of aggrecan during OA disease progression.
MRI of articular cartilage (AC) has been applied to assess osteoarthritic changes occurring in cartilage
with the progression of OA. Traditional MRI evaluates AC morphology and measures cartilage thickness
over time [249]. More advanced MRI techniques can now be used to assess AC matrix composition
non-invasively to detect early articular changes. T2-mapping and T1ρ sequences estimate the relaxation
times of water inside AC and have found application in clinical protocols to assess cartilage changes in
OA [250]. Diffusion-weighted and diffusion tensor imaging can also be used to assess ECM changes in
AC since the movement of water in cartilage is affected by ECM composition and structure. Specific
imaging techniques that evaluate cartilage GAGs, such as delayed gadolinium enhanced MRI [251]
or Chemical Exchange Saturation Transfer [252,253] and sodium imaging [254,255] or PET (positron
emission tomography)-sodium imaging [256] have also shown utility in the non-invasive detection of
AC damage [257].

15. Tissue Therapeutic Interventions Involving CS

With the recent publication of the first draft of the GAG Interactome, the GAG–protein interactive
properties previously investigated [116,233] have now been extensively catalogued [235]. There are two
major areas of therapeutic application involving CS: (i) use of CS as a drug to treat OA cartilage depleted
of proteoglycans; and (ii) therapeutic use of CS-depolymerising enzymes to remove the CS side chains
of CS-PGs that are laid down in scar tissues, which stabilise spinal cord defects, neural damage in
the PNS and neural damage following brain trauma [243,258,259]. While CS-PGs are laid down in
neural scar tissues to stabilise the neural defects to prevent further mechanical damage at the defect
site, the CS side chains of these PGs inhibit neural outgrowth through the scar tissue, thus functional
recovery of the spinal cord or other traumatised neural tissues is prevented [260]. Chondroitinase ABC,
ACII and hyaluronidase-4 (HYAL4) [261], which is a CS hydrolase despite its misnaming, have all been
evaluated in models of spinal cord injury [262]. Removal of CS from the defect site by these enzymes
resulted in recovery of neural functional properties [260,263–265]. Acute trauma to the brain and upper
limbs resulting in neural damage have also been treated using chondroitinase ABC [266,267], resulting
in neural sprouting through the defect site [268] and functional recovery [269].

Chondroitin sulphate has been of interest as a therapeutic agent for the treatment of OA for at least
the last decade. A biochemical study in 2008 showed that CS interfered with progressive degenerative
structural changes in joint tissues and thus showed promise in the treatment of OA [270]. A review of
several CS preparations subsequently shows variable but generally positive responses in the treatment
of OA but emphasises the need for highly purified CS preparations to provide unequivocal results [271].
A further study with pharmaceutical grade CS subsequently confirmed that highly purified CS had
beneficial effects in the treatment of OA [272]. Continued assessment of highly purified pharmaceutical
grade CS and other CS preparations confirmed safety data on the use of pharmaceutical grade CS for
the treatment of OA and set down some guidelines for its use but indicated these were not applicable to
lower grade CS preparations [273]. A further study raised doubts on some therapeutic CS preparations
primarily focussing on the beneficial functions of CS-based therapeutic supplements and potential
harmful effects of some fucosylated CS preparations which may contaminate these in a similar manner
to the oversulphated CS species which have previously been identified, as contaminants in some
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heparin preparations [274]. A current study on highly purified therapeutic commercially available CS
(Condrosulf®, IBSA, Biochimique, Lugano, Switzerland) and a literature review on its clinical efficacy
confirmed the reduced pain and improvements in joint function afforded by this preparation of CS to
OA patients [275]. Condrosulf® is a cost-effective and safe treatment for OA, efficacious after 30 days
of administration and has beneficial properties for at least the months after the drug is discontinued.
Full safety reports analyses confirmed the safety profile for CS. It has almost no side effects and shows
better gastrointestinal tolerance compared to conventional non-steroidal anti-inflammatory drugs
used to treat OA [275]. The beneficial properties of CS may explain the resurgence in the use of
PGs, recombinant PG sub-domains, GAG and PG mimetic, and the development of neo-PGs [276] for
therapeutic repair procedures. CS can also be used to stimulate stem cells and promote the attainment
of defined pluripotent stem cell lineages [277]. GAGs also have generalised properties which are useful
in tissue repair [278] and have been incorporated into a number of bioscaffolds to promote stem cell
regulation and to develop potential new tissue repair strategies (reviewed in [279]).

16. Conclusions

N-terminal interactions of aggrecan with HA forms macro-aggregate structures that are physically
entrapped within the type II collagen networks of cartilaginous tissues. These along with the C-terminal
G3 mediated interactions of aggrecan EGF-like, Complement-like and C-type lectin domains with
Type VI collagen lattices forms an extended tissue-wide cooperative network. This network provides a
bio-sensory platform that not only dissipates loading in cartilaginous tissues but also facilitates an
appropriate metabolic response by chondrocytes within the tissue to the loads they perceive to assemble
an optimal functional and protective matrix, thus preventing cellular damage through point loading.
Matrilin-3, SLRPs, COMP and fibulin also stabilise G3 interactions in this network. Collectively,
these N- and C-terminal interactions tether aggrecan at both ends in tissues where its dynamic water
imbibing properties with HA convey weight-bearing properties to tissues. In cartilaginous tissues,
incorporation of aggrecan into an extended mechano-transductive sensory network allows the resident
chondrocytes to perceive and respond to biomechanical changes to maintain biosynthetic responses
which ensure tissue homeostasis and optimal tissue properties. The interactive properties of the G1
domain of aggrecan with HA undergoes a maturational phase where initially it does not interact with
HA for 24 h which allows the newly secreted aggrecan to diffuse away from the cell into the interstitial
matrix, as confirmed through pulse-chase radiosulphate labelling experiments. Immunohistochemistry
also demonstrates a high density of aggrecan in the pericellular matrix around chondrocytes where
network formation transmits regulatory cues to the chondrocyte to effect tissue homeostasis and aid in
the stabilisation of cartilage. The variable functional attributes of aggrecan in particular tissue contexts
is due to the diverse structure of its attached glycan side chains, allowing it to act as a space-filling
molecule with an ability to entrap water in weight-bearing tissues such as articular cartilage and IVD
but also as an interactive molecule with morphogens, growth factors and cells in growth plate cartilage
and embryonic tissues. This functional diversity arises through substitution and post-translational
modifications of aggrecan’s attached GAG chains, for example post-translational modification of
CS can occur such as disulphation on some non-reducing termini or variation in the disaccharide
composition along the CS chain. These disulphated terminal groups regulate collagen fibrillogenesis
in growth plate cartilage and are interactive with morphogenetic proteins such as IHH and SHH.
These morphogenetic proteins direct maturational changes in the growth plates by regulating spatial
and temporal chondrocyte differentiation eventually leading to growth plate closure and mineralisation
at the cartilage–bone interface as part of the endochondral ossification process to extend the axial
skeleton. The molecular composition of aggrecan thus varies in specific cellular and developmental
contexts. Aggrecan in early embryonic development of the neural tube and notochord does not contain
KS chains and some of its CS chains are replaced by the HNK-1 trisaccharide motif. This reduces
aggrecans charge density and its solvation volume but conveys homophilic and heterophilic HNK-1
mediated properties and interactions with NC cells and ECM glycoproteins which direct NC cell
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migration, development of the neural tube and notochord and migration of precursor cells involved
in the development of the neural network, heart and brain stem. Aggrecan also forms specialised
ECM structures such as PNNs in the CNS/PNS, which are neuroprotective and important for synaptic
plasticity and cognitive learning. The form of aggrecan in these structures contains KS, CS and the
HNK-1 glycan motif; however, the density of attached CS and KS side chains in brain aggrecan is
less than in cartilage aggrecan. While aggrecan has essential cell directive properties in embryonic
heart formation, it also has important supportive roles to play in mature heart tissues. The heart
has a complex structure, aggrecan is an important functional component of a number of its tissues
providing mechanical strength and resilience for the demanding continuous cycles of compression and
relaxation which occur throughout an animals life-time. Aggrecan also stabilises the attachment points
of valve leaflets facilitating the co-ordinated flow of blood between the ventricles and strengthens
the heart tendon chordae tendineae which attach the papillary muscles of the internal heart wall
to the atrioventricular valve. These are important internal stabilising structural components of the
heart. This review shows that aggrecan has a diverse range of functional attributes and is of major
importance not only in embryonic skeletal development but also in mature tissues where it maintains
homeostasis and functionality. Due recognition of aggrecans attached GAG chains is important and
explains its diverse tissue context driven properties. A greater understanding of the glyco-code and its
cell directive properties may one day provide important insights as to how specific tissue repair and
regenerative strategies may be directed more effectively in repair biology.
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Abstract: The expression of glypicans in different hair follicle (HF) compartments and their potential
roles during hair shaft growth are still poorly understood. Heparan sulfate proteoglycan (HSPG)
distribution in HFs is classically investigated by conventional histology, biochemical analysis, and
immunohistochemistry. In this report, a novel approach is proposed to assess hair histology and
HSPG distribution changes in HFs at different phases of the hair growth cycle using infrared spectral
imaging (IRSI). The distribution of HSPGs in HFs was probed by IRSI using the absorption region
relevant to sulfation as a spectral marker. The findings were supported by Western immunoblotting
and immunohistochemistry assays focusing on the glypican-1 expression and distribution in HFs.
This study demonstrates the capacity of IRSI to identify the different HF tissue structures and to
highlight protein, proteoglycan (PG), glycosaminoglycan (GAG), and sulfated GAG distribution in
these structures. The comparison between anagen, catagen, and telogen phases shows the qualitative
and/or quantitative evolution of GAGs as supported by Western immunoblotting. Thus, IRSI can
simultaneously reveal the location of proteins, PGs, GAGs, and sulfated GAGs in HFs in a reagent-
and label-free manner. From a dermatological point of view, IRSI shows its potential as a promising
technique to study alopecia.

Keywords: hair follicle growth; glycosaminoglycans; infrared spectral imaging; k-means cluster-
ing; immunohistochemistry

1. Introduction

A hair follicle (HF) is a real mini-organ that makes hair growth possible. The hair
shaft extends under the skin into the HF. Histology of a HF shows that it is organized
into two compartments [1]. The first compartment with a dermal origin is composed
of connective tissue sheath (CTS) and dermal papillae (DP). The second compartment is
of epithelial origin and comprises the hair matrix, the outer (ORS) and inner (IRS) root
sheaths, and the hair shaft. The bulb is comprised, at the bottom, of the DP surrounded
by the germinative hair matrix, and at the top, of the differentiation zone of the matrix.
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In addition, it has appendages, the sebaceous gland, and the arrector pili muscle. The
sebaceous gland associated with the HFs protects the hair by sebum secretion, a substance
rich in lipids [2].

A HF undergoes cyclic changes over the course of its life [3] allowing the renewal
of lost hair (40 to 100 lost hairs per day). One cycle is comprised of three main phases:
anagen, catagen, and telogen. The exogen phase is a phase of the hair growth cycle that is
controlled separately leading to hair shaft loss [4,5]. The anagen phase is characterized by
intense proliferation allowing the generation of new hair shafts [6] and lasts on the average
from three to six years. It is divided into six stages during which the morphology of the
HF undergoes major remodeling due to the activation of different cell types at the end of
the telogen phase [7,8]. As soon as the hair growth is complete, its degeneration begins.
The catagen phase corresponds to the cessation of hair shaft growth and a regression in the
size of the HF [8]. This phase is characterized by apoptosis of the keratinocytes separating
the secondary hair germ (SHG) from the DP. In contrast to the anagen phase, the catagen
phase is more rapid, lasting on the average between 15 and 20 days; it is divided into
eight stages [8]. The telogen phase is a resting phase during which the hair shaft remains
anchored in the hair follicle [6]. At this stage the DP in the dormant state is in contact with
the SHG [8]. This phase may last several months until a stimulus causes the HF to return
to the anagen phase.

The morphological changes in the HF observed during the hair cycle involve many cell
types: keratinocytes, fibroblasts of the DP, endothelial, fat, and immune cells. The presence of
these different cell types makes the study of the regulation of the hair cycle complex. It is also
known that a fine regulation of growth factors involved in the hair shaft growth is essential for
the passage between the different phases of the hair cycle [9].

The mechanisms involved in the regulation of these growth factors are still poorly
understood, but it is highly probable that heparan sulfate proteoglycans (HSPGs) are
involved because of their capacity to sequester growth factors [10]. HSPGs are composed
of linear chains of heparan sulfate glycosaminoglycans (GAGs) covalently attached to
a core protein [11]. They are classified according to their localization, either in the cell
membrane or secreted in the extracellular matrix (ECM). The secreted HSPGs interact
with the macromolecules of the ECM and growth factors and thus play a pivotal role
in cell growth, survival, proliferation, adhesion, migration, and differentiation [12]. The
cell membrane HSPGs are divided into two major families: syndecans (SDCs), which
are transmembrane PGs, and glypicans (GPCs), which are attached to the cell membrane
by a glycosylphosphatidylinositol (GPI) anchor. Syndecans interact with the ECM and
growth factors and have a role in embryonic development [13]. GPCs are essential for
the formation or regeneration of many tissues and organs by regulating many pathways
involved in development. For example, they regulate the Hedgehog (Hh) pathway during
the embryonic development or long bone formation [14,15], the Wnt pathway during
the embryonic development or regeneration of intestinal crypts [16,17], and the bone
morphogenetic protein (BMP) pathway involved in osteogenesis [18]. The HF is a true
mini-organ regulated by Wnt, BMP, and Hh pathways [19,20]. Therefore, it appears highly
likely that HSPGs and particularly GPCs also play a key role in the growth of a new hair
shaft.

Previous studies have shown modifications in the distribution of various ECM HSPGs [21]
or membrane HSPGs such as syndecan-1 [22] during the hair cycle. This phase-dependent
change seems to indicate a role of HSPGs in the regulation of hair shaft growth. Coulson–
Thomas et al. showed that complex control of HSPG sulfation is necessary for correct morpho-
genesis of the hair shaft [23]. However, expression of GPCs in different HF compartments and
their potential roles during hair shaft formation are still poorly understood.

HSPG distribution, localization, and quantification in HFs are classically investigated
by conventional histology, biochemical analysis, and immunohistochemistry. In this report,
a novel approach based on infrared spectral imaging (IRSI) is proposed to assess, in the first
part, the HSPG distribution in the HF, and in the second part, to compare HSPG variations
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in HFs at different phases of hair cycle. Fourier-transform infrared (FTIR) spectroscopy
is a vibrational method based on the principle of interaction between mid-IR radiation
and matter, which is used to analyze pure samples but also more complex systems such as
cells, tissues, or biofluids. It is non-invasive, label- and chemical-free, very sensitive, and
requires no specific preparation [24]. The spectral signature of a sample contains vibrations
of molecular bonds that are related to its molecular structure and composition. Today, IRSI
is a proven technique that is intensively used for cell (spectral cytology) and tissue (spectral
histology) characterization [25–28]. In an infrared image, each pixel is associated with
an entire IR spectrum and thus both molecular and spatial information can be obtained.
Recently, our group has reported studies on vibrational spectroscopic analyses of standard
GAGs [29] and of GAGs in cells and tissues [30,31]. These studies permitted identifying
specific spectral signatures. As we reported previously, two major spectral ranges were
used to characterize HSPG distribution: the spectral window 1800–900 cm−1, also known
as the fingerprint region, shown to be the most specific range for GAG studies [24], and
the spectral window 1350–1190 cm−1, centered at 1248 cm−1, that is specific for GAG
sulfation [29].

Based on this knowledge, we propose in this original study to probe the distribution
of HSPGs in HFs at different phases of the hair growth cycle by IRSI using sulfation as
a spectral marker. IRSI might constitute a promising technique for early diagnosis and
prevention in alopecia. The goal was to study HSPG, GAG, and sulfated GAG distribu-
tion and variation in HFs without any staining or labeling. It allows investigating these
changes during the hair growth cycle. In parallel, our data were supported by Western
immunoblotting and immunohistochemistry assays, more specifically by analyzing the
GPC1 expression and distribution in HFs at different phases of the cycle.

2. Materials and Methods

The workflow of the present study is illustrated in Figure 1.

Figure 1. Workflow showing the methodological approach of hair follicle analysis by label-free
infrared spectral histology, Western immunoblotting, and immunohistochemistry. Pictures shown
here are only illustrated examples. PCA, principal component analysis.
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2.1. Ethics Statement

Human scalp biopsy samples were obtained from human donors during surgeries
after obtaining informed consent under applicable ethics guidelines and regulations and
were provided by Alphenyx (Marseille, France).

2.2. Hair Follicle Sample Isolation and Preparation

2.2.1. Hair Follicle Isolation

Two different methods were used for obtaining human HFs. The first one consists in
maintaining the hair follicle in its phase to investigate the three major phases of hair growth
cycle (anagen, catagen, and telogen) and the second one permits inducing intermediate
phases, in particular, to study intermediate anagen stages of the hair growth cycle. HFs
were isolated from the human scalp according to Philpott’s method [32].

For all our experiments, four donors were involved with two to three hair samples on
the average per donor. For each hair sample, two to three sections were obtained. More
precisely, for the first method, 32 anagen A1, 25 anagen A3, 26 catagen C1, 28 catagen C2,
31 telogen T1, and 41 telogen T3 HF sections were analyzed. For the second method, 9 early
anagen D0, 18 intermediate anagen D3, and 11 catagen D6 HF sections were analyzed.

In the first approach, the HFs were isolated from the scalp at different hair growth cycle
phases (anagen, catagen, and telogen) and maintained in culture in the William’s E medium
(W4128, Sigma-Aldrich, Saint-Louis, MO, USA) supplemented with 0.5% antibiotics, 2 mM
L-glutamine (49420, Sigma-Aldrich), 10 ng/mL hydrocortisone (H-0396, Sigma-Aldrich),
10 µg/mL transferrin (T8158, Sigma-Aldrich), and 10 ng/mL selenite (S-5261, Sigma-
Aldrich) for one day (named A1, C1 and T1, respectively) and for three days (named A3,
C3, and T3, respectively) before analysis.

In the second approach, the different phases of the hair cycle (early anagen, intermedi-
ate anagen, and catagen) were induced in culture. To do so, early anagen HFs were isolated
and selected from the scalp; one part was directly analyzed (D0, early anagen HFs), while
the other part was maintained in culture for three days (D3, intermediate anagen HFs) and
for six days (D6, catagen HFs) in the cell culture medium described above, supplemented
with 0.5 µg/mL insulin (91077C, Sigma-Aldrich).

2.2.2. Hair Follicle Preparation for Infrared Analysis

For the different approaches described above, HFs were embedded individually in
cryoprotective Tissue-Tek® O.C.T.™ Compound (Sakura, Alphen aan den Rijn, Nether-
lands) and snap-frozen at –80 ◦C. Seven micron-thick longitudinal sections of HFs were
prepared using a cryostat (Leica Biosystems, Nanterre, France). The sections were then
placed on an IR-transparent calcium fluoride (CaF2) window (Crystran Ltd., Dorset, UK)
for IRSI analysis (2 to 4 sections per window). The sections were imaged directly without
any staining.

2.2.3. Hair Follicle Preparation for Immunohistochemistry

The same process described for HF preparation for infrared analysis was used to
prepare sections. Sections were placed on glass slides and air-dried; then, they were fixed
in acetone for 10 min at –20 ◦C. After three washes in PBS, the sections were placed in a
sheep serum solution (Thermo Fisher Scientific, Illkirch-Graffenstaden, France). Primary
antibody anti-GPC1 (Proteintech, Rosemont, IL, USA) was incubated overnight at 4 ◦C.
After several washes with PBS, the secondary antibody coupled with Alexa 488 was applied
for 45 min at room temperature and in the dark. The Evans blue counterstain was applied
after several washes for 5 min at room temperature. After the final washes, the glass slides
were mounted under a coverslip using Fluoprep. The observations were performed using
a confocal microscope (TCS-SPE, Leica Biosystems).
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2.3. IR Spectral Imaging of Hair Follicle Sections

All sections of HFs were imaged in the transmission mode using the Spotlight 400
infrared imaging system (PerkinElmer, Villebon-sur-Yvette, France). The acquisition param-
eters were as follows: spatial resolution with a projected pixel size of 6.25 µm × 6.25 µm,
spectral range from 4000 to 900 cm−1, spectral resolution of 4 cm−1, and at 16 scans/pixel.
IRSI acquisition was performed on whole hair follicles. Prior to this, for each section,
a background spectrum was measured using 90 scans in a region of the CaF2 window
without sample or optimal cutting temperature (OCT) compound and was automatically
removed from each pixel spectrum of the image. A total of four spectral images were also
acquired on the OCT compound using the same experimental conditions. All acquisitions
were performed using the Spectrum Image 1.7.1 software (PerkinElmer, Villebon-sur-Yvette,
France). All IR images underwent atmospheric correction using the same software. This
step reduces the interferences due to molecules present in the sample environment such as
carbon dioxide or water vapor.

2.4. IR Spectral Preprocessing

Pixel spectra were extracted from specific regions of interest of the IR images, smoothed
(Savitsky–Golay, 7 points), baseline-corrected (elastic), vector-normalized, and offset-
corrected using the OPUS 5.5 software (Bruker Optics, Ettlingen, Germany).

2.5. IR Spectral Processing by Principal Component Analysis

For spectral processing, principal component analysis (PCA), an unsupervised exploratory
method, was used. This method allowed spectral data reduction, replacing original and
correlated variables with synthetic and uncorrelated variables called principal components
(PCs). These PCs contain the information of interest and are ranked from the highest to lowest
variance in the dataset. In this study, PCA was performed on mean-centered spectra to remove
redundant information and using the spectral ranges 1800–900 or 1350–1190 cm−1.

2.6. IR Image Preprocessing

All images were preprocessed with the extended multiplicative scatter correction
(EMSC) algorithm which included correction of the baseline, variations related to the dif-
ference in sample thickness, and vector normalization. Indeed, this step allowed removing
the outliers and artifacts that can influence spectral image analysis. All spectral images
were preprocessed in the 1800 to 900 cm−1 spectral region using a developed in-house
routine in Matlab (The Mathworks, Natick, MA, USA).

2.7. IR Image Processing by k-Means Algorithm

Spectral image analysis was performed using the k-means clustering algorithm, which
is one of the most popular unsupervised classification methods [33]. It aims at separating
a set of N unlabeled points of d dimensions into k clusters. Thus, it allows grouping
pixel spectra into distinct classes (k clusters) and usually the choice of k is driven by a
priori knowledge of the structure of the studied dataset. A trial-and-error procedure can
also be used by iteratively increasing the number of clusters until obtaining a coherent
partition of the studied phenomenon. Each cluster is represented by its barycenter, also
called centroid, and the algorithm starts by randomly choosing k initial points as centroids
at the beginning of the process. Each pixel spectrum is assigned to the cluster whose
centroid is the nearest in terms of spectral similarity, based on a chosen distance metric,
which is often the Euclidean distance. These steps are repeated until point assignment is
stabilized. The k-means algorithm thus converges to a local minimum. Finally, each class is
represented by a color and the cluster image is reconstituted as a false-color map. In order
to compare different HF section images, a common k-means was applied using 10 classes
in the 1800–800 cm−1 spectral range.
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2.8. IR Correlation Images Using Spectra of Standard Compounds

The spectral images of HF sections obtained previously were processed to produce
correlation maps corresponding to heparan sulfate (HS), GPC1, and hyaluronic acid (HA)
distribution. To do so, solutions of standard GAGs (HS, Celsus Laboratories, Cincinnati,
OH, USA; and HA, MP Biomedicals, Illkirch-Graffenstaden, France) and recombinant
human GPC1 (R&D Systems, Minneapolis, MN, USA) were deposited on a CaF2 window,
dried, and imaged in the transmission mode using a Spotlight 400 infrared imaging system.
For each image, the spectra were averaged to obtain the mean representative spectrum of
each standard. Each standard spectrum was then in turn correlated pixel by pixel with HF
images corrected for atmospheric contribution using the Spectrum Image 1.7.1 software.
The resulting correlation maps show the distribution of the standards with a correlation
scale ranging from 0 (dark color) to 1 (white color), corresponding to low and high levels
of correlation, respectively.

2.9. Hair Follicle Protein Extract Preparation for Western Immunoblotting

HF proteins were extracted from a pool of five HFs and prepared in a radioimmuno-
precipitation assay buffer (RIPA) buffer supplemented with 1% protease inhibitor cocktail
added (Sigma-Aldrich) using the FastPrep 24TM (MP Biomedicals) six times at 6.0 m/s for
40 s. The obtained lysates were incubated 20 min on ice with vortex-mixing every 5 min.
Cell debris were precipitated by centrifugation at 10,000 g for 10 min at 4 ◦C. Proteins in the
supernatant were collected and assayed using the Bradford (Bio-Rad, Marne-la-Coquette,
France) technique [34].

2.10. Western Immunoblotting

Samples were deposited onto polyacrylamide gels as previously described [35]. The
GPC1 primary antibody used was 16700-1-AP (Proteintech, Rosemont, IL, USA). The
appropriate peroxidase-coupled secondary antibody (1/10,000) was the anti-rabbit NA934V
(GE Healthcare Life Sciences, Marlborough, MA, USA).

3. Results and Discussion

The present report describes the evolution of GAGs, sulfated GAGs, and, more specifi-
cally, the HS-type GAGs and GPC1 distribution in hair follicles at different phases of the
hair growth cycle using spectral imaging. IRSI presents the advantage of being label-free,
reagent-free, and rapid. The data obtained by this novel approach were compared to the
immunohistochemistry and Western immunoblotting data.

3.1. Discrimination of HF Structures, Distribution of HSPG and GPC1 Using IR Spectral
Imaging Analysis

Anagen, catagen, and telogen HFs were individually isolated and maintained in
culture for one day (A1, C1, and T1, respectively) or three days (A3, C3, and T3, respectively)
before analysis. The white light image in Figure 2A shows a section of a HF and its different
structures: germinative matrix (1), differentiation zone (2), IRS (3), ORS (4), and hair shaft
(5). OCT is indicated by number 6.
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Figure 2. PCA analysis of spectra from specific hair follicle regions. (A) White light image of a hair
follicle. Five hair follicle structures were analyzed: 1, germinative matrix; 2, differentiation zone
of the matrix; 3, IRS; 4, ORS; 5, hair shaft. The number 6 corresponds to OCT. (B) Pixel spectrum
representative of each structure and OCT. (C,D) PCA score plot performed on normalized mean
spectra of the above regions in the 1800–900 cm−1 (C) or 1350–1190 cm−1 (D) range and carried
out on anagen A1/A3, catagen C1/C3, and telogen T1/T3 hair follicles. Ellipses represent the 95%
confidence intervals.

3.1.1. Different Structures of the Hair Follicle are Discriminated by IR Spectral Imaging
Analysis Based on the Variation of GAGs and Their Sulfation

The whole section was analyzed by IRSI and representative spectra of the HF struc-
tures are illustrated in Figure 2B. These spectra represent the means calculated from a
small zone from each HF structure (indicated by 1 to 5). For comparison, the mean spec-
trum of OCT was also represented (6). The analysis of the GAG spectral profiles in the
different HF structures was performed by PCA first in the 1800–900 cm−1 spectral range
(Figure 2C) corresponding to the proteins and PGs and then in the 1350–1190 cm−1 spec-
tral range (Figure 2D), focusing on sulfated GAGs. Figure 2C shows the PCA score plot
built with the principal components PC1 and PC3 carrying 58.4% and 13.3% of the total
explained variance, respectively. This score plot revealed five structural groups distributed
in three well-differentiated zones. The first zone was composed of an overlap of the
germinative matrix (group 1) and the differentiation zone (group 2). This overlap can
be explained by the fact that the matrix cells of the differentiation zone are the result of
differentiation of the progenitor cells present in the germinative matrix derived from stem
cells of SHG [36–39]. They therefore share similar characteristics, such as proteins and
polysaccharides, explaining their similarity. The second zone is constituted by the ORS
(group 4), the third—by the hair shaft zones of HFs (group 5). It can be noted that the
IRS structure (group 3) lies between the ORS and the hair shaft zones. Interestingly, IRS
histologically separates the hair shaft from the ORS, which corroborates spectral data.

Figure 2D shows the PCA score plot built with the principal components PC1 and
PC2 carrying 94.4% and 3.9% of the total explained variance, respectively. The PCA
performed in the sulfated GAG absorption range (1350–1190 cm−1) succeeded to precisely
discriminate the germinative matrix structure (group 1) from the four other groups and, in
particular, from the differentiation zone (group 2), in contrast with the overlap observed
in Figure 2C. The other structures (differentiation zone, IRS, ORS, and hair shaft) were
not clearly separated using sulfated GAG spectral signatures. Interestingly, different
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groups obtained by this PCA reflect the scheme of differentiation of the multipotent HF
cells [36–39]. Indeed, the progenitor hair cells present in the germinative matrix provide,
on the one hand, the ORS cells and, on the other hand, the transit-amplifying cells of the
differentiation zone that will differentiate into IRS and hair shaft cells.

The PCA results shown in Figure 2C,D allowed discriminating several features of the HFs,
the germinative matrix, the differentiation zone, the ORS, the IRS, and the hair shaft, by the
contribution of proteins, PGs, GAGs, and sulfated GAGs. The biochemical spectral information
is confirmed by the loading vectors shown in the region of 1800–900 cm−1 (Figure S1A) and in
the region of 1350–1190 cm−1 (Figure S1B). The sulfate group vibrations of GAGs are mainly
represented by the IR absorption band centered at 1248 cm−1. This peak is assigned an anti-
symmetric stretching S=O vibrations as we have previously reported [29]. This discrimination
is in agreement with the difference in PG composition in the different parts of HFs observed
by immunostaining or immunofluorescence [21,22,40]. Moreover, the IRSI technique does not
require any staining or chemicals while keeping good discrimination of histological structures.

3.1.2. Focus on GPC1 Distribution in Hair Follicles by Spectral Imaging Analysis and
Immunohistochemistry

In order to better understand the contribution of HSPGs in the differences observed
by the PCA in the spectral range corresponding to PGs/GAGs and sulfated GAGs, a
correlation image was computed with a spectrum of standard HS. This analysis permitted
obtaining a representative image of the HS contribution in the section of HFs. As shown
in Figure 3, the coefficient of HS contribution was most important in the ORS. The IRS
displayed a good correlation with HS. The germinative matrix structure presented a low
correlation with HS, while the differentiation zone and the hair shaft did not correlate
with the HS. This result correlates well with HS distribution in the HFs obtained by
immunohistochemistry reported by Malgouries et al., where several HSPGs were found in
the ORS part of HFs [21,40].

Figure 3. Characterization of hair follicle structures by different imaging approaches. From left to right: white light image,
HS- and GPC1-correlated IR images, and immunohistochemical labeling of GPC1 (green) counterstained with the Evans
blue dye (red). CTS, connective tissue sheath; IRS, inner root sheath; ORS, outer root sheath. Arrowheads indicate high
level of correlation. Scale bar: 100 µm.
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A correlation image was also created with a representative spectrum of GPC1. The
coefficient of GPC1 contribution is most important in the differentiation zone (Figure 3).
The hair shaft, the ORS, and the germinative matrix also presented a good correlation with
GPC1, but not the IRS. The GPC1 correlation map is confirmed by the GPC1 green labeling
obtained by immunohistochemistry of HFs. These results obtained by the IRSI technique
demonstrate its ability to discriminate at the molecular scale in a comparable manner to
immunohistochemistry without any labeling.

These results support the PCA analyses carried out on the different HF structures.
The use of both HS and GPC1 correlation mapping may partly explain the discrimination
potential of the PCA analyses.

3.2. Different Phases of Hair Growth Cycle and Spatial Distribution of HS and GPC1 Determined
by IR Spectral Imaging Analysis

3.2.1. k-Means Clustering Identifies the Hair Follicle Structures in the Different Phases
Based on the Protein and HSPG Spectral Information

The IR images obtained from HFs in different phases of the hair growth cycle were
analyzed by common k-means clustering in the 1800–800 cm−1 range (Figure 4). The
protein, HSPG, and GAG contribution varied within HFs forming five different clusters
(each associated with a pseudo-color) corresponding to different parts of the HF (the CTS,
the ORS, the IRS, the bulb (germinative matrix and differentiation zone), and the hair shaft),
independently of the phase of the hair growth cycle (Figure 4A–C). The five other clusters
(1, 3, 5, 6, and 10) were attributed to the OCT spectral signatures and formed a separate
group. The dendrogram constructed on centroid spectra illustrated the correlation between
clusters and histological structures (Figure 4D,E).

Figure 4. Discrimination of hair follicle structures at different phases of hair growth cycle by k-means
clustering. (A–C) Representative color-coded k-means clustering images using 10 classes in the
1800–800 cm−1 spectral range for hair follicles in anagen A1 (A), catagen C1 (B), and telogen T1 (C)
phases. (D) Centroid spectra corresponding to each cluster. (E) Dendrogram of centroid spectra and
assignment of corresponding hair follicle structures. CTS, connective tissue sheath; IRS, inner root
sheath; ORS, outer root sheath. Scale bar: 100 µm.

IRSI combined with k-means clustering allows separating the five principal structures
of HFs using the protein, HSPG, and GAG spectral signatures and the OCT embedding.
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3.2.2. IR Correlation Maps Highlight Spatial Distribution of HS and GPC1 in the
Different Phases

In order to investigate the impact of HS and GPC1 in each phase of the hair growth
cycle, IR correlation maps were calculated using their representative spectra (Figure 5).
The spectra of HS and GPC1 used for the correlation maps are presented in Figure 5A.
HS was mostly detected in the ORS in the anagen phase, and in the ORS and IRS in the
catagen and telogen phases (see arrowheads in Figure 5B–D). HS correlation coefficient
seems to be lower in the ORS in the anagen phase of the HF. GPC1 was majorly distributed
in the differentiation zone and less in the hair shaft and in the germinative matrix without
any significant differences between the three phases. The presence of GPC1 in the ORS
was specifically detected in the catagen phase in agreement with immunohistochemical
labeling (see Figure 3). In addition, the spectrum of HA was also used for the correlation
map (Figure S2A). HA is detected in the IRS and the hair shaft in the anagen and catagen
phases but not in the ORS and the differentiation zone (Figure S2B,C). A faint correlation is
observed in the lower part of the differentiation zone in the telogen phase (Figure S2D).

Figure 5. Contribution of the heparan sulfate GAG chain and glypican-1 in a hair follicle. (A) Mean spectra of standard HS
(continuous line) and GPC1 (dashed line). (B–D) IR correlation maps of hair follicles in the anagen A1 (B), catagen C1 (C),
and telogen T1 (D) phases using mean spectra from standard heparan sulfate (left) and human recombinant glypican-1
(right). HS, heparan sulfate; GPC1, glypican-1. Arrowheads indicate high level of correlation. Scale bar: 100 µm.

These correlation maps inform on the HS-type GAG and GPC1 distribution within
the HF. The results suggest that GPC1, mainly detected in the differentiation zone and hair
shaft, does not exhibit HS chains in contrast to HS, which is detected in the ORS and IRS.
Based on this GPC1 distribution, at this stage, it is not possible to differentiate the different
phases of the hair growth cycle. However, GPC1 correlation in the ORS (Figure 5C) requires
further studies to eventually validate GPC1 as a spectral biomarker of the catagen phase.
In contrast, the anagen phase, corresponding to a growing phase of the HF, is identified
using IRSI as it is associated to a decreased HS correlation coefficient. However, the catagen
phase is characterized by an increase in HS correlation. Moreover, HA, the non-sulfated
GAG, exhibits a different distribution in the HF as compared to HSPG independently of the
phases of the hair growth cycle. Malgouries et al. have previously described the capacity
to discriminate the phases of the hair growth cycle by the distribution of several HSPGs
using immunofluorescence [21].

The differences observed in the distribution of HS and GPC1 in the three phases may
partly account for the different classes obtained by k-means clustering.
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3.3. Discrimination of Hair Growth Cycle Phases, Distribution of Sulfated GAG and GPC1 Using
IR Spectral Imaging Analysis

3.3.1. Different Phases of the Hair Growth Cycle are Discriminated by PCA of IR Spectra
Based on the Variation of GAGs and Their Sulfation

Spectra used for this analysis were taken from the ORS (central zone of the HF). This
zone was chosen because it is rich in HS (see Figure 3). PCA was performed on the A1,
C1/C3, and T1 HF spectra in the spectral range of 1800–900 cm−1, which encompasses the
protein and PG absorptions. Figure 6A shows the PCA score plot, built with the principal
components PC2 and PC3 carrying 30.3% and 11.5% of the total variance, respectively. PC2
permitted clearly separating the anagen HFs from the telogen HFs. The catagen HFs were
dispersed in these two groups, but in a specific manner. Interestingly, the catagen C1 HFs
were in the same group as the anagen HFs, while the catagen C3 HFs were in the telogen
HF group. The same pattern was observed when the PCA score plot was recalculated
using the sulfate absorption (1350–1190 cm−1) spectral range (Figure 6B; PC1 and PC2
carrying 93.2% and 3.0% of the total variance, respectively). The second and third loading
vectors shown in the region of 1800–900 cm−1 (Figure S3A) and the first and second loading
vectors shown in the region of 1350–1190 cm−1 (Figure S3B) reveal the biochemical spectral
information permitting to separate the different phases of the hair growth cycle.

Figure 6. Discrimination of hair follicles at different phases of hair growth cycle by PCA. (A,B) PCA
score plot performed on normalized mean spectra of the ORS region 4 in the 1800–900 cm−1 (A) or
1350–1190 cm−1 (B) range and carried out on anagen A1, catagen C1/C3, and telogen T1 hair follicles.

The PCA results, on the one hand, suggest the discriminating power of the IR method
capable of differentiating HFs at different phases of the hair growth cycle via their spectra
and, on the other hand, demonstrate that the protein, PG, GAG, and sulfated GAG content
varies during the phases of the hair growth cycle.

3.3.2. GPC1 Expression Corroborated with IR Spectral Maps of Sulfated GAG Distribution,
Discriminates Different Phases during the Hair Growth Cycle

In order to support the PCA results obtained in the HFs of different phases of hair
growth cycle, a PCA was performed on the HF phases induced by culture. This method
allowed obtaining intermediate phases such as early and intermediate anagen.

After isolation, the early anagen HFs at day 0 (D0) were analyzed by spectral imaging
and Western immunoblotting. Before analysis, the intermediate anagen (D3) and catagen
(D6) HFs were maintained in culture for three and six days, respectively. As previously,
spectra used for PCA analysis were extracted from the ORS region.

Figure 7A displays the PCA score plot constructed with the first two principal com-
ponents PC1 and PC2 carrying 95.8% and 2.7% of the total variance, respectively. The
variance carried by PC2 permitted separating the early anagen D0 from the catagen D6
HFs. The intermediate anagen D3 HFs were dispersed in these two groups, but in a specific
manner. The observed tendency was that intermediate anagen D3 HFs with the hair shaft
seemed to be closer to the early anagen D0 HF group, while those without the hair shaft
were closer to catagen D6 HFs. The biochemical spectral information is supported by the
loading vectors shown in the region of 1350–1190 cm−1 (Figure S3C).
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Figure 7. Discrimination of hair follicles by PCA compared to GPC1 expression during the hair
growth cycle. (A) PCA score plot performed on normalized mean spectra of the ORS region 4 in the
1350–1190 cm−1 range and carried out on early anagen D0, intermediate anagen D3, and catagen D6
hair follicles. (B) GPC1 protein expression analyzed by Western immunoblotting of early anagen D0,
intermediate anagen D3, and catagen D6 hair follicles. (C) Quantification of each GPC1 form.

This result confirms the capacity of the PCA analysis to discriminate HFs at different
hair growth cycle phases based on the sulfated GAG spectral signature. Moreover, data
tend to indicate that the sulfated GAG evolve throughout the hair growth cycle.

In order to confirm the difference in GAG sulfation observed by IR imaging between
HFs at different phases of the hair growth cycle, a GPC1 protein expression analysis was
performed on HFs in the early anagen D0, intermediate anagen D3, and catagen D6 HFs.

Protein analysis carried out on HFs at different phases of the hair growth cycle
shows that the GPC1 forms (cleaved, anchored, and glycanated) changed with the phases.
In particular, cleaved and glycanated forms exhibited a noticeable difference observed
between D0, D3, and D6 HFs (Figure 7B). Indeed, the glycanated form of GPC1 was more
abundant in the intermediate anagen D3 and catagen D6 compared to early anagen D0
HFs. Moreover, a slight decrease was observed in catagen D6 compared to intermediate
anagen D3 HFs. An accumulation of the cleaved GPC1 form was observed from D0 to D6
(Figure 7C).

According to the different HF phases, differential glycation of GPC1 could be demon-
strated by Western immunoblotting. These observed differences may explain the PCA
grouping of HF spectra with regard to the different phases based on sulfated GAG absorp-
tion.

Altogether, the IR spectral images processed by different chemometric approaches
such as PCA, k-means clustering, and correlation mapping, could identify the histological
structures and the different phases of the hair growth cycle. In addition, these approaches
corroborate immunohistochemical and biochemical analyses of the present report and from
the literature.

4. Conclusions

This report demonstrates the capacity of IRSI to identify the different tissue structures
of the HFs and to show protein, PG, GAG, and sulfated GAG distribution in these structures.
In addition, the comparison between the anagen, catagen, telogen phases of the hair growth
cycle shows the qualitative and/or quantitative evolution of GAGs as supported by Western
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immunoblotting. Thus, IRSI can reveal some information on the location of proteins, PGs,
GAGs and sulfated GAGs in HFs in a reagent- and label-free manner. In the long term,
from a dermatological point of view, IRSI might constitute a promising technique for the
early diagnosis and prevention in alopecia.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-273
X/11/2/192/s1, Figure S1: PCA analysis of spectra from specific hair follicle regions. (A-B) Loading
vectors 1 and 3 obtained from Figure 2C (A) and loading vectors 1 and 2 obtained from Figure 2D
(B), Figure S2: Contribution of hyaluronic acid in hair follicle. (A) Spectrum of standard HA. (B–D)
IR correlation maps of hair follicles in anagen A1 (B), catagen C1 (C) and telogen T1 (D) phases
using spectrum from standard hyaluronan. HA, hyaluronan. Arrowheads indicate good level of
correlation. Scale bar: 100 µm, Figure S3: PCA analysis of spectra from specific hair follicle regions.
(A–C) Loading vectors 2 and 3 obtained from Figure 6A (A), loading vectors 1 and 2 obtained from
Figure 6B (B), and loading vectors 1 and 2 obtained from Figure 7A (C).
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Abstract: The tumor microenvironment (TME) is composed of cancerous, non-cancerous, stro-
mal, and immune cells that are surrounded by the components of the extracellular matrix (ECM).
Glycosaminoglycans (GAGs), natural biomacromolecules, essential ECM, and cell membrane compo-
nents are extensively altered in cancer tissues. During disease progression, the GAG fine structure
changes in a manner associated with disease evolution. Thus, changes in the GAG sulfation pat-
tern are immediately correlated to malignant transformation. Their molecular weight, distribution,
composition, and fine modifications, including sulfation, exhibit distinct alterations during cancer
development. GAGs and GAG-based molecules, due to their unique properties, are suggested as
promising effectors for anticancer therapy. Considering their participation in tumorigenesis, their
utilization in drug development has been the focus of both industry and academic research efforts.
These efforts have been developing in two main directions; (i) utilizing GAGs as targets of therapeutic
strategies and (ii) employing GAGs specificity and excellent physicochemical properties for targeted
delivery of cancer therapeutics. This review will comprehensively discuss recent developments and
the broad potential of GAG utilization for cancer therapy.

Keywords: glycosaminoglycans; cancer; cancer therapy; hyaluronan; heparan sulfate; heparin;
chondroitin sulfate; drug carriers; nanomaterial; therapy targets

1. Introduction

The tumor microenvironment (TME) is composed of cancerous, non-cancerous, stro-
mal, and immune cells that are surrounded by the components of the extracellular matrix
(ECM) [1]. The ECM is a significant component of the TME with a vital role in cancer’s
pathogenesis [2,3]. It is well established that TME plays an essential role in tumorigenesis.
Indeed, tumor growth and metastasis steps, e.g., primary lesion development, intrava-
sation, extravasation, and metastasis to anatomically distant sites, are executed via the
discrete interplay of the tumor cells with their microenvironment [4]. Glycosaminoglycans
(GAGs), natural biomacromolecules, and essential ECM and cell membrane components
are extensively altered in cancer tissues [5]. Indeed, these heteropolysaccharides vital in
supporting homeostasis have also been established to participate in inflammatory, fibrotic,
and pro-tumorigenic processes [6–9]. Both free GAGs and GAGs bound into the protein
cores of proteoglycans- (PG) are crucial mediators of cellular and ECM microenvironments,
with the ability to specifically bind and regulate the function of ligands and receptors
crucial to cancer genesis [4,10,11].
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Structurally, GAGs are linear, long-chained polysaccharides consisting of repeating
disaccharide units linked by glycosidic bonds. These building blocks are composed of
N-acetylated hexosamine and uronic acid. The type of the disaccharide repeating unit
and its modifications, including discrete sulfation patterns, allows the classification of
GAGs into specific categories, e.g., chondroitin sulfate (CS)/dermatan sulfate (DS), heparin
(Hep)/heparan sulfate (HS), keratan sulfate (KS) and hyaluronan (HA) [12–15]. KS chains
contain galactose instead of uronic acid in their disaccharide building blocks [15]. CS/DS,
HS/Hep, and KS chains are covalently bound into the protein cores of proteoglycans [6].
On the other hand, the non-sulfated GAG HA is not bound into the proteoglycan core but
is secreted to the ECM of almost all tissues [13].

Bound GAGs are initially synthesized on core proteins at the Golgi lumen. Their
glucuronic acid—N-acetylglucosamine/N-acetylgalactosamine(GlcA-GlcNAc/GalNAc)
or, in the case of KS, galactose-N-acetylglucosamine (Gal-GlcNAc) repeating units are
subjected to significant structural modification, including sulfation and in the case of
HS/CS epimerization at the Golgi apparatus. Moreover, the desulfationof HS chains is
performed at the cell membrane compartment [16]. The fine modifications result in an
astonishing number of divergent GAG structures.

The GAG fine modifications define, to no small degree, the specificity of their binding
with proteins. Notably, GAGs have been shown to interact with more than 500 proteins [17].
The interactions of GAGs with membrane receptors, ECM proteins, chemokines, and cy-
tokines, as well as enzymes and enzyme inhibitors, are crucial in both development and
homeostasis [18,19]. Likewise, GAGs’ interactions with the above, both soluble and insol-
uble ligands, play a vital role in various diseases, including cancer [20]. By modulating
numerous signaling pathways, GAGs exert distinct effects on cancer cells’ functions, can-
cer stroma interactions, and cancer-associated inflammation, thus regulating essential
processes for tumor progression and metastasis [1,4,6,21].

During disease progression, the GAG fine structure changes in a manner associated
with disease evolution. Thus, changes in the GAG sulfation pattern are immediately
correlated to malignant transformation [22]. Their molecular weight, distribution, com-
position, and subtle modifications, including sulfation, exhibit distinct alterations during
cancer development [23,24]. Thus, most tumor types exhibit increased CS content with
an increase in the 6-O-sulfated and/or unsulfated disaccharide content and a decrease
in the 4-O-sulfation level due to changes in relevant enzyme activities [23,24]. Likewise,
an aberrant HS sulfation pattern has been correlated to tumorigenesis. It was shown that
the N-sulfation of GlcNresidues in specific domains along the HS chain facilitate tumor
angioegenesis [25]. The expression of HS 6O-sulphated disaccharide content was shown to
be increased during chondrosarcoma [26] and colon carcinoma progression [27].

GAGs and GAG-based molecules, due to their unique properties, are suggested
as promising effectors for anticancer therapy [28]. Considering their participation in
tumorigenesis, their utilization in drug development has been the focus of both industry
and academic research efforts [29]. These efforts have been developing in two main
directions; (i) utilizing GAGs as targets of therapeutic strategies and (ii) employing GAGs
exquisite specificity and excellent physicochemical properties for targeted delivery of
cancer therapeutics.

This review will discuss recent developments and the broad potential of GAG utiliza-
tion for cancer therapy.

2. Focus on GAGs’ Structure and Roles

GAG polymers are assembled through several consecutive steps with different en-
zymes’ involvement at each separate stage. Sulfated GAGs are synthesized by specific
enzymes in the cell’s Golgi apparatus, whereas HA is synthesized by transmembrane
proteins called HA synthases (HASs). While HA is not linked to a protein and is produced
from its reducing end, the sulfated GAGs are built up from the non-reducing end and
synthesized as side chains attached to a protein core of PGs [5].
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In the case of KS, GlcA is replaced by GalN. Henceforth, the growing GAG chain’s
modifications, e.g., deacetylation/N-sulfation and epimerization of GlcA to IdoA followed
by O-sulfation, are performed [30,31]. Therefore, the individualized functionalization of
GAGs results in their unique structures. Indeed, distinct sulfation patterns have been iden-
tified at the disaccharide unit’s functionalization sites, hexosamine, and IdoA components,
facilitating great complexity and structural diversity [32,33].

Different variations in the expressions/activities of enzymes involved in GAG syn-
thesis have been described. One example is that the levels of exostoses (multiple)-like 1
(EXTL1) and CS N-acetylgalactosaminyltransferase 1 (CSGalNAcT-1), which participate
in the production of HS and CS, respectively, were shown to exhibit an inverse ratio of
expression. The inverse expressions identified in the process of B-cell differentiation have
been suggested to act as a switch enabling either CS or HS synthesis observed during these
cell differentiations [34].

2.1. Heparin and Heparan Sulfate

Both Hep and HS chains are synthesized as a modification of a PG protein core,
sharing a biosynthetic scheme but exhibiting some disparities [35,36]. Thus, initially, the
sequential addition of four sugar residues by different glycosyltransferases will give rise to
the linker tetrasaccharide (for Hep/HSXyl-Gal-Gal-GlcA) connected to the core protein’s
serine residue as a linker region [37]. Notably, the linkage region also serves as a primer for
the initiation of the CS chains biosynthesis. In the case of HS, the members of the EXTL
family of glycosyltransferases trigger chain creation by transferring an N-acetylglucosamine
(GlcNAc), whereas in the case of CS chains, a β-N-acetylgalactosamine (β-GalNAc) residue
is attached to the linkage primer by a CSGalNAc-transferase [37]. Polymerization of HS
then takes place by the alternating addition of GlcAβ1,4 and GlcNAcα1,4 residues through
the action of designated glycosyltransferases [38].Modifications, such as N-deacetylation
and N-sulfation of glucosamine, and O-sulfations are subsequently performed. The GlcA
residues can, on some occasions, be epimerized to iduronic acid (IdoA)[35,36].

The two GAGs differ, as the main HS disaccharide unit comprises a GlcA and N-
acetylated GlcN(GlcNAc). In contrast, the main Hep disaccharide consists of sulfated, at
the carbon 2 IdoA(IdoA2S), and N-sulfated GlcN also sulfated at C6 (GlcNS6S). Due to the
high Hep sulfation level, this GAG is characterized as a biomacromolecule with the highest
negative charge density [39]. The functionalization with sulfate is uniformly distributed
along the Hep chain, whereas HS chains exhibit alternatively exchanging regions of high
sulfation with lower or non-sulfated sequences [40]. Indeed, Sulf-1 and Sulf-2, sulfatase
enzymes, are active at the extracellular compartment and trim the 6-O-sulfates partially
from HS, but do not affect Hep, which is not located at the cells’ membranes [41]. As
a result, the Hep chain mainly comprises trisulfated disaccharides (80%) consisting of
sulfated IdoA and sulfated GlcN.

The HS chains predominantly consist of disaccharide repeats comprised of GlcA
and GlcNAc, with a much lower sulfation level [42]. Notably, the “fully sulfated” HS
sequences, denominated as S domains, commonly exhibit the highest binding propensity to
Hep/HS-binding proteins [43]. Indeed, the binding between proteins and HS/Hep is most
commonly executed by charge–charge interactions between the proteins’ basic amino acids
and the anionic sulfate and/or carboxylate [18,44]. The interaction between respective
binding proteins and HS is likewise affected by the GAG heterogeneity and cationic
association [19]. Moreover, posttranslational modifications, such as N-glycosylation, of
the HS/Hep binding proteins can regulate ligand and HS/Hep binding as shown for
the fibroblast growth factor receptor 1 [45]. Notably, its disaccharide unit’s extensive
modifications render HS the most complex animal polysaccharide [19].

HS chains are synthesized by almost all mammalian cells in the forms of HSPG and
are localized to the cell membrane (e.g., syndecans) and pericellular space/basement
membranes (e.g., perlecan) or extracellular matrices. Despite the HS chain’s extensive
functionalization, its fine structure is notably conserved in a given cell type [46,47]. HS’s
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composition varies both spatially and temporally during development and in a celltype-
dependent manner. The involved regulating mechanisms remain poorly elucidated.

Significant changes occur in HS composition during carcinogenesis, and vitally, both tu-
mor growth and tumor-dependent angiogenesis depend on HS growth factor interactions [48].

Hep is synthesized only in connective tissue-type mast cells or basophils [49]. The Hep
chain is synthesized during the core protein modification of the PG, seglycin. Seglycine
exhibits a small protein core but undergoes extensive glycosylation, resulting in a molecular
weight up to 750 kDa [50]. The bound Hep chains’ molecular weight varies between 60
KDa and 75 kDa. These Hep chains are cleaved into 5–25 kDa fragments when mast cells
and basophils are degranulated [51,52]. Mast cells release Hep by exocytosis upon binding
specific antigens to the IgE antibodies attached to their cell-surface receptors [53]. However,
Mast cell serglycin can also be decorated by other GAG chains, such as CS and DS [54].

Hep, however, can be uptaken by various cells, including endothelial cells, as the pri-
mary site for removing unfractionated Hep from the circulation is the liver sinus endothelial
cells [55].

In mammalians, HS/Hep are enzymatically degraded by heparanase, a strict endo-β-
glucuronidase [56].

2.2. Chondroitin Sulfate/Dermatan Sulfate

The CS chains consist of disaccharides comprising β(1-4) GlcA and β(1-3) GalNAc.
The sulfation pattern of the GlcA and GalNAc determinesthe type of CS. Thus, CS-A is
characterized by single sulfation at C4 of the GalNAc, whereas CS-C is determined by
single sulfation at C6 of GlcA. Other functionalizations exist, as GalNAc can be sulfated at
the carbon 4 and/or 6, whereas GlcA can also be sulfated at the C2 and/or C3 [57,58]. On
the other hand, CS-B denominated similarly to DS, consisting of alternating GlcA or IdoA,
which can be sulfated at C2, and GalNAc, which can be functionalized by sulfation at C4 or
C6 [58]. Both CS and DS exhibit vast differences regarding chain length and MW, with the
latter being in the 5–70 kDa range [59]. The prominent heterogeneity of the CS/DS chains
is directly correlated to these GAGs’ biological roles [60,61].

An example is the altered functionalization of CS/DS in gastric cancer as the sulfation
at C4 is downregulated, and sulfation at C6 increased in tumor cells compared to normal
gastric cells. Additionally, the chain length of CS/DS and the GAG content of the PGs,
decorin, and versican was decreased significantly.

2.3. Keratan Sulfate

The KS chains consist of disaccharides containing β(1-4) GlcNAc and β(1-3) Gal.
This specific glycosidic binding results in a GAG chain formation, unique for its lack of
a carboxyl group. KS’, binding into the protein core of PGs differs compared to HS/CS.
Thus, corneal KS denominated as KS-I binds to an Asn in the core proteins through an
N-linked complex, branched oligosaccharide. On the other hand, in cartilage, the KS chains
denominated as KS-II utilize their N-Acetylgalactosamine (GalNAc) to establish an O-link
with the Ser or Thr residues of the protein cores [62]. The type III KS (KS-III), initially
identified in the brain tissue, links a mannose to a Ser residue of the protein core [63]. KS
chains have a molecular weight ranging from 5–25 kD [64].

KS structure is mostly dependent on the tissue type as corneal KS-I exhibits longer
chain length and a lower degree of sulfation than the cartilage KS-II. KS-III is mainly bound
to PGs localized to the brain and nervous tissues [65,66]. The expression of KS is also
deregulated in cancer. Indeed, it was suggested that KS’s aberrant expression could be
utilized as a marker of pancreatic cancer progression and metastasis [67] and that highly
sulfated KS is produced by malignant astrocytic tumors [68].

2.4. Hyaluronan

Transmembrane enzymes denominated HA synthases (HAS) produce HA chains.
The three HAS isoforms, HAS1, HAS2, and HAS3, use cytoplasmic UDP-glucuronic acid
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and UDP-N-acetylglucosamine as substrates. Their active site is localized intracellularly,
whereas the synthesized HA chain extrudes into the ECM [13]. This non-sulfated GAG is
composed of repeating units of GlcNAc and GlcA combined by β-1.3 and β-1.4 linkages,
with an average mass of 100–2000 kDa [13]. HAS1 and HAS2 synthesize a high molecular
weight polymer, whereas HAS3 produces shorter chains (~2 × 106 Da vs. ~2 × 105 Da,
respectively) [69]. HA’s biological information is translated to the length of its polymers and
defines its effects [70]. The UDPsugar precursors and holistic cell metabolism responsible
for producing HAS substrates critically regulate HASs activities [71]. HA-mediated effects
are executed through various mechanisms that involve the binding of HA to surface
receptors such as CD44 and RHAMM [72–74] and the internalization of HA through
receptor-mediated endosomal pathways [75].

The human genome contains five active hyaluronidases (Hyals) (Hyal1–Hyal4 and PH-
20) and the non-transcribed Hyal pseudogene (HyalP1). Hyal 2 and 3 exhibit degrading
activity, exclusively for HA [76]. Some human Hyals exhibit degrees of CS-degrading
activity. Thus, PH20 shows high activity for HA and low CS-degrading activity. On the
other hand, Hyal1 degrades CS-A more swiftly than HA [77]. Hyal-4 is misnamed, as it
shows specificity for CS and no ability to degrade HA [78].

Hyal1 is widely expressed and localized to lysosomes or trafficking vesicles [79].
However, Hyal 1 can also be secreted to the ECM by tumor cells [80]. Hyal1 is upregulated
in many human cancers and has been correlated with tumorigenesis [81].

In contrast, Hyal2 is bound onto the cell membrane via a GPI anchor and is usually
associated with lipid rafts [82], wherein, in common with CD44 and Hyal1, it promotes HA
cellular uptake and endocytic internalization [75].

3. Types of Nanoparticles and Materials Utilized for Targeted Drug Delivery—Focus
on GAG-Based Nanoparticles

The development of targeted delivery systems for anticancer drugs in the form of
nanoparticles has been prioritized since classical methods, namely chemotherapy, radia-
tion therapy, surgery, and their combination, still do not benefit a significant number of
patients [83].

Micro- and nanoencapsulation [84–86], micellar [87,88], and liposomal [89] forms, den-
drimers [90], mesoporous particles [91], and nanogels [92] are used most often for targeted
drug delivery. A wide range of compounds, both synthetic [93,94] and natural [86,87,89,92],
are used as materials, and each of the groups has several advantages and disadvantages
(Table 1).

The delivery of nanoparticles to the tumors rests on a series of both specific and
nonspecific interactions with cells. The specific interactions are based on functionalizing
the surface of nanoparticles with ligands that are specific for the target tumor tissue,
including tumor cells, intracellular targets, intratumoral and peritumoral blood vessels,
and the ECM. The nonspecific nanoparticles are coated solely with stabilizing agents. Most
of the studies suggest that the crossing of the tumor blood vessel barrier by nanoparticles is
mostly perpetrated through intercellular gaps. Their restraint to the tumor site is dependent
on the pressure produced by inadequate lymphatic drainage, commonly denominated as
the enhanced permeability and retention (EPR) process [95]. Recent developments suggest
that more than 90% of nanoparticles actively enter solid tumor tissue through endothelial
cells, challenging the current rationale for nanomaterial synthesis [96]. Nanoparticles
targeting specific tumor-associated antigens exhibit superior delivery and effects [96]. A
new stage in developing nanomaterials is utilizing patient-derived macromolecules, as
recently shown by Lazarovits et al. [97].

In common with others, GAG-based nanoparticles have to overcome the mononuclear
phagocytic system’s action, which attenuates their efficiency through sequestration and
elimination. Notably, nanoparticles carrying a negative charge are more prone to phagocy-
tosis than positive surface charge carrying nanoparticles. Thus, modulating CS charges
with competent functionalization can attenuate their phagocytosis [98]. Renal excretion
function is another obstacle as it can severely attenuate nanoparticles’ actual delivery
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efficiency. Indeed, renal excretion function seems to be facilitated by incorporating GAG
components even though it does not seem to affect tumor accumulation [99]. Modification
of the hydrodynamic diameter to the 5.5 nm–100 nm range minimizes kidney excretion
and enhances delivery efficiency [100].

Nanocarriers obtained using biocompatible natural polymers such as GAGs do not
exhibit adverse effects on cell viability in cell cultures. They show good biocompatibility
in animal experiments [92,101,102]. In addition to biocompatibility and specificity, GAG-
based nanocarriers, when their GAG components are specifically modified, exhibit other
properties, such as high stability, adjustable particle size, and the ability to respond to
external stimuli, such as temperature, light, pH, and ionic strength [103–105], enabling
multifunctional utilization [106,107]. GAGs, such as CS and HA, have been utilized as
therapeutic agents for various pathologies, including osteoarthritis [108,109], with no
significant side effects, suggesting their long-term safety. The broad utilization of HA in
dermatological clinical practice has not been associated with side effects [110].

The resulting nano-systems’ properties depend on the type and concentration of polymer
used for their production and the type and degree of intermolecular interaction or crosslinking.
Thus, HA can generate self-assembling micelles with the ability to create amphiphilic nanocar-
riers. Indeed, HA micelles can effectively deliver hydrophobic drugs to target cancer cells
while simultaneously facilitating bioavailability and the half-life of the utilized drugs [111].
Importantly, nanoparticles can be loaded with various types of drugs, both hydrophilic and
lipophilic, as well as DNA, RNA, peptides, and proteins [85,88,112,113].

Table 1. Types of nanoparticles and materials utilized for targeted drug delivery.

Nanoparticle System Material Nanocarriers Type Examples of Carried Agents Reference

Lipids Phospholipids Liposomes, solid lipid
particles RGD peptide, apatinib [89]

Synthetic polymers

Poly(N-
isopropylacrylamide,

poly-N-vinylpyrrolidone,
poly(lactic-co-glycolic

acid)

Micelles, nanoparticles, Doxorubicin, curcumin,
indocyanine green [85,88,93,94,104,112]

Natural polymers
HA, alginate, chitosan,

heparosan, carboxymethyl
starch, CS, Hep

Microcapsules
nanospheres,

nanoparticles, nanogel,
micelles

Doxorubicin, BSA,
tirapazamine, cisplatin

[84–87,92,101,106,111]
Section 1

Dendrimer Polyester,
Polyacetal/polyketal Micelles Camptothecin, methotrexate [90]

Silica Mesoporous silica Nanoparticles Doxorubicin, fluorescein
isothiocyanate [91]

Metal Gold Nanoparticles, nanorods Doxorubicin, bleomycin [105]

3.1. Heparin and Heparan Sulfate for Anticancer Drug Delivery

Hep and low-molecular-weight heparins (LMWHs) are widely used as a clinical anticoagu-
lant due to their ability to bind with and inhibit the serine-threonine antithrombin protease [114].
Hep is also studied and used for applications in other therapeutic areas due to its biocompat-
ibility, for example, wound healing, burn injury treatment, inhibition of inflammation, and
metastatic spread of tumor cells [115]. Hep’s chemical and physical properties connected with
the large surface area of its chain and the presence of reactive functional groups allow efficient
binding of different anti-tumor agents. Nanoparticles based on Hep can be applied as efficient
anticancer agent carriers with versatile surface chemistry for functionalization and the intro-
duction of biomolecules [116]. Some of the Hep derivatives are used to deliver imaging agents,
such as iron oxide nanoparticles, to detect tumor cells in humans [117]. Sodium deoxycholate
(DOC)-conjugated Hep derivatives (DOC-heparin) were used to prepare nanoparticles for
in vivo tumor targeting and inhibition of angiogenesis based on chemical conjugation and the
EPR effect [118]. More substantial anti-tumor effects of the DOC-heparin were achieved in
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animal studies compared to Hep alone. Obtained results confirmed that the conjugated Hep
retained its ability to inhibit binding with the angiogenic factors, inducing a significant decrease
in endothelial tubular formation. In a separate study, dendronized Hep–doxorubicin (Dox)
conjugates were prepared, exhibiting a combination of Dox and Hep features and character-
ized as pH-sensitive drug delivery vehicles [119]. The prepared nanoparticles showed potent
anti-tumor activity, induced apoptosis, and significant antiangiogenesis effects in the 4T1 breast
tumor model. Additionally, dendronized Hep and the derived nanoparticles with the loaded
drug demonstrated no significant toxicity to the healthy organs of both tumor-bearing and
healthy mice, which was confirmed by histological analysis.

Park et al. first attached low molecular weight Hep to stearylamine to obtain am-
phiphilic polymer that was used to prepare self-assembled micelle-like nanoparticles,
loaded with docetaxel in their hydrophobic core. The obtained preparation was tested in
MCF-7 and MDAMD 231 human breast cancer cells. This approach demonstrated that Hep
retained about 30% of its anticoagulant activity, increased the half-life time of docetaxel in
the novel preparation used, and significantly inhibited tested cells’ viability [120]. Park
et al. synthesized an amphiphilic biopolymer made of Hep and deoxycholic acid and
prepared nanoparticles loaded with Dox. These nanoparticles were tested for cytotoxicity
and anti-tumor effects. The investigated system showed high loading efficiency and a
substantial anti-tumor effect [121].

Other studies describe the characteristic properties of Hep-based nanoparticles as
potential drug delivery systems, not focusing on specific types of cancer [122].

In summary, Hep is capable of forming nanoparticles upon the introduction of am-
phiphilic or hydrophobic molecules [116,123,124]. It can also interact with proteins, which
leads to the formation of complexes with various biological effects [125,126]. Nevertheless,
absorption of blood proteins upon the introduction of Hep nanoparticles into the human
body needs to be controlled.

3.1.1. Micellar Heparin Nanoparticles

Studies showed that it is necessary to modify the Hep surface of nanoparticles to
reduce blood elements’ absorption. Moreover, it is possible to introduce additional specific
receptors for targeted delivery directly to the tumor [127,128]. In a study on the develop-
ment of Hep-based micelles, multifunctional self-assembling nanoparticles were created
that combine the following properties: the carrier material is non-toxic, and the resulting
micelles had high stability and sensitivity to pH. Intravenous injection of the Hep/Dox
combined micelles increased Dox blood circulation time and enhanced its accumulation at
the animal model’s tumor site [129].

Hep nanoparticles can penetrate body barriers. Thus, a study showed that Hep
particles 100 nm in size effectively overcame the blood brain barrier (BBB), as evidenced by
an increase in the concentration of drugs in the brain target tissue [130]. However, particles
with a small size very quickly left the circulation, which indicated the need to select the
functionalization of their surface specifically.

3.1.2. Heparin-Coated Metal NanoParticles

Another important direction is the development of targeted delivery systems based
on magnetic metal nanoparticles. The main disadvantage of such nanomaterials is that we
need to select a proper stabilizer or coating that will contribute to the constant particle size,
reduce their toxic effects, increase biocompatibility, and overcome physiological barriers
maintaining their high magnetic properties. Hep was found to be a sound basis for these
coatings [131]. Another study demonstrated that with Hep’s utilization, it is possible to cre-
ate stable magnetic nanoparticles, based on iron oxide, exhibiting low polydispersity [132].
The introduction of cis-platin to the composition of Hep and iron oxide created Hep-coated
metal nanoparticles, which exhibited a cytotoxic effect on cancer cells but lowered toxic
side- effects compared to the free drug [133].
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In similar studies, magnetic nanoparticles were modified with polyethylene glycol
(PEG) and Hep, after which they were functionalized with additional targeting agents. PE-
Gylation enables longer circulation time but can also render metal nanoparticles increased
passive targeting via the EPR effect. PEGylated metal nanoparticles were, furthermore,
modified with a Hep layer to enable the carrying of the highly cationic CPP-linked protein
drug [134]. Further studies demonstrated that the resulting nanoparticles have an increased
recirculation time in the blood, retain their high magnetic properties, and overcome the
BBB. It was also shown that in a mouse 9L glioma model, particles with a size of more than
50 nm accumulate at high concentrations in the tumor tissues [135].

3.1.3. Heparin Nanogels

Delivery systems based on liposomes, micelles, and magnetic nanoparticles are rela-
tively well-studied systems for which specific rules and dependencies have already been
developed, but depot forms based on nanogels represent a new milestone in this field [136].
Most scientific research, in this area, is devoted to creating matrices based on natural
polymers, including Hep, chitosan, alginic acid salts, and others.

The majority of the studies were dedicated to delivering genes and proteins. There
are also several reports in which Hep nanogels have been developed for the targeted
delivery of anticancer drugs [100]. A polymer matrix is typically produced by covalent
crosslinking to form strong and stable structures. Due to the polymer’s properties, the
delivery system can be sensitive to a wide range of external factors, and thus, fine-tuned
release of the drug load can be accomplished [124]. Melanoma is characterized by a high
metastatic potential of the transformed melanocytes, which also become “invisible” to the
immune cells. This “invisibility” is sustained by many mechanisms, one of them being the
formation of a platelet cloak. The heterogeneous mixture of GAGs can inhibit this process
by blocking P-selectin-mediated intercellular adhesion. LMWHep-coated with Dox and
loaded in liposomes (LMWHep-Dox-Lip) was studied in the B16F10 melanoma cell line.
This nanomaterial exerted both a cytotoxic effect and inhibited the adhesion between tumor
cells and platelets mediated by P-selectin. It was demonstrated in vivo that the pulmonary
metastases of melanoma are prevented by LMWHep-Dox-Lip treatment [137].

This type of drug-delivery system can be utilized for combination chemotherapy,
where more than two drugs with different properties and mechanisms of action are applied
to boost the cancer treatment. Thus, Joung et al.produced Hep-Pluronic (Hep-Pr) nanogel
loaded with paclitaxel and DNAase [138]. The nanogel allowed robust intracellular delivery
to facilitate these drugs’ synergistic effects in a dose-dependent manner and inhibited
tumor cells’ growth. Notably, the synthesized matrix can bind to high concentrations of
both hydrophilic and hydrophobic drugs. Nanogels exhibit some disadvantages due to
their high polydispersity, hence the uneven distribution of the active substance in the
volume [139].

Some approaches utilize HS for nanoparticle preparation. A recent drug delivery strat-
egy conjugated the chemotherapeutic agent, docetaxel, onto HS. Due to its antimetastatic
and T cells infiltration enhancing properties, Aspirin (ASP) was encapsulated into the
HS-docetaxel micelle followed by the cationic polyethyleneimine (PEI)-polyethylene glycol
(PEG) copolymer binding to HS via electrostatic force. This approach results in an ASP-
loaded HS-docetaxel micelle (AHD)/PEI-PEG nanocomplex (PAHD). PAHD exhibits a
long half-life in the blood due to the PEG shell. As TME is characterized by weakly acidic
pH, the PEI-PEG polymers detach from AHD and increase tumor cells’ permeability due
to their positive charge. Heparanase, overexpressed by tumor cells, degrades HS, thus
delivering the active ASP and docexatel to tumor cells. Indeed, PAHD exhibits targeted
toxicity toward tumor cells but not normal cells and is bestowed with superior ability to
suppress tumor growth and lung metastasis in 4T1 breast cancer tumor-bearing mice [140].
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3.1.4. Summary

Significant progress in utilizing Hep-based nanoparticles as novel venues or in combina-
tion with existing therapies, such as chemotherapy or photodynamic therapy [131,138,141],
has been achieved. Indeed, many recent studies have proven that Hep-based nano-scaled
systems have great potential as drug carriers, the ability for specific delivery to cancer tissues,
and excellent biocompatibility [122].

However, even though significant achievements have been obtained in the synthesis
of Hep-based nanoparticles, no such nanomaterials have made their way to clinical trials.
A hurdle to clinical transition is the anticoagulant properties ofHep, which can lead to
bleeding complications. Chemically modifying Hep can attenuate its anticoagulant activ-
ities; however, the mechanisms of its anticancer and anticoagulant abilities are not fully
understood, and a more profound comprehension of the interplay between structure and
activity is needed [142]. Furthermore, one has to respond to difficulties in controlling Hep’s
quality due to its poly component and holistic pharmacologic characteristics [143]. Indeed,
Hep’ preparations contaminations have even resulted in patient death [144].

3.2. Chondroitin Sulfate and Dermatan Sulfate-Based Nanoparticles as Drug Delivery Systems

CS exhibits high biocompatibility and specific localization, being bound to PGs in
ECMs of tissues such as cartilage, blood vessel walls, skin, and tendons [48]. In line with
increasing nanotechnology application, optimally designed nano-scaled carriers on the
base of CS have been developed, exhibiting unique properties, such as biocompatibility, low
toxicity, and active and passive targeting. Their specific properties and discrete modalities
make them promising drug delivery vehicles for cancer therapy [145].

Because CS, like all GAGs, is a specific anionic acid polysaccharide, it couples well
with cationic poly-saccharides, including chitosan, which as a natural molecule is likewise
characterized with good bioactivity [146]. Thus, a CS–chitosan nanoparticle carrier encap-
sulating black rice anthocyanins exhibited significant apoptosis-inducing effects in colon
cancer cells [147], whereas loading these nanoparticles with curcumin induced a cytotoxic
effect in the lung cancer model [148].

Moreover, loaded with camptothecin (CPT) polymeric nanoparticles functionalized
with CS exerted targeted colon cancer drug delivery with superior anticancer effects
compared to non-targeted nanoparticles [149]. This approach utilized CS’s affinity for the
CD44 HA receptor overexpressed in various tumors [107].

Notably, CS can lower the adverse side effects of chemotherapeutic drugs as CS-Dox-
poly(lactic-co-glycolic acid) (PLGA)conjugated nanoparticles exhibited lower cardiotoxicity
and enhanced tumor inhibition compared with free Dox [150]. This development is an im-
portant achievement as cardiac toxicity through various mechanisms is a severe drawback
of Dox utilization [151,152].

Summary

In summary, CS-derived drug-loaded nanomaterial has been shown to have a rea-
sonable encapsulation efficiency, an appropriate hydrodynamic diameter, manageable
surface charge, low toxicity, and improved anticancer properties compared to the free
drug [149,153,154].

3.3. Keratan Sulfate in Anticancer Drug Delivery

KS, another perspective GAG for drug delivery, is localized in the ECMs of different
tissues, such as cartilages, cornea, and bone [15]. Besides acting as a constitutive molecule
of the ECMs, KS also plays a role as a hydrating and signaling agent in cartilage and
cornea tissues. KS chains are structurally bound to a protein core, forming PGs. Unlike
other GAGs, KS lacks uronic acid and contains galactose in its disaccharide building
blocks. Moreover, the unsulfated Gal residue is essential for binding mediated through
non-electrostatic interactions [155], such as hydrophobic and/or van der Waals forces [156].
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These data suggest that protein binding strategies may need to be chosen based on
the GAG class to be incorporated in the drug delivery vehicle [157–159].

Summary

Several reviews describe the structures and functions of KS proteoglycans, but their
potential role in drug delivery has not yet been determined [157–159].

3.4. Hyaluronic Acid-Based Nanoparticles for Controlled Drug Release in Cancer

HA is an abundant GAG, deposited to most tissues’ ECM [160]. Its properties,
biodegradation, biocompatibility, water-solubility, non-toxicity, and non-immunogenicity
and its chemical characteristics, enabling modifications with functional groups, define HA
as a suitable molecule carrier to deliver low molecular weight drugs [161]. Furthermore,
its specific ligation with cell surface receptors such as CD44 and RHAMM [111] enables
HA-based nanoparticles to target diseased cells that express these receptors. Indeed, CD44
and RHAMM receptors are overexpressed by many tumor types [162–164]. High produc-
tion of HA has been determined in many solid tumors, but it is the combination of HA
production and Hyal overexpression that facilitate both carcinogenesis and metastasis [165].
In prostate cancer, the increased release of low molecular weight HA (LMWHA) due to
Hyal1 overexpression and increased HASs activity results in enhanced autocrine prolifera-
tion [166]. The naked mole-rat example, the only mammal resistant to cancer, argues the
importance of HA. This rodent produces high amounts of very high molecular weight HA
and simultaneously exhibits low Hyals expression, correlated to the minuscule ability to
cleave HA [167].

Therefore, the involvement of HA in tumorigenesis processes is of crucial significance.
This finding has ignited vibrant research efforts directed at HA metabolism and focusing
on the inhibition of HA degradation and on blocking HA-receptors interaction. The HA-
degrading enzymes Hyals have been identified as attractive anticancer therapy targets due
to their cell surface or extracellular deposition. HA localization enables their inhibition in
the ECM [81].

The use of HA-based nanoparticles requires knowledge of HA pharmacokinetics.
Thus, it is well established that blood and lymphatic transport system are responsible for
HA distribution in the body [168,169]. The utilization of isotopes showed that high molec-
ular weight HA (HMWHA) mainly accumulates in the liver, while LMWHA is secreted in
urine [170]. Notably, many studies indicate that the differences in HA-based nanoparticles’
targeting efficiency depend on their molecular weight. For example, HMWHA-coated
lipid nanoparticles exhibited a stronger binding affinity to the CD44 receptor of murine
melanoma cells in vitro than theLMWHA nanoparticles [162].

Different types of HA-based nanoparticles with discrete features have been used as
drug carriers (summarized in Figure 1).
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Figure 1. Mechanism of action of HA-based nanoparticles: HA (Hyaluronic acid)-based nanomedicines
are used to mediate targeted delivery of therapeutic compounds (DRUGS or siRNA: small interfering
RNA) in cancer cells. Nanoparticle targeting is enhanced by HA-specific interaction with CD44 or
RHAMM, which are overexpressed in different cancer cell types. These receptors also mediate the
internalization of the nanoparticles. After their uptake, each type of nanoparticle is degraded either by
enzymatic lysis of HA by hyaluronidase (HYAL) action or by a pH-dependent mechanism.

3.4.1. Hyaluronic Acid-Based Micelles

HA-based micelles were shown to target CD44 positive breast cancer cells with high-
affinity in vitro and in vivo [103]. The hydrophilic HA backbone is modified with hy-
drophobic groups to form an amphiphilic compound, which can self-assemble into a
micelle in an aqueous solution and encapsulate or conjugate drugs After reaching cancer
cells, drug release is achieved using various mechanisms, such as through pH dependence
or enzyme action [171,172].

HA-conjugated hexadecylamine micelles for the docetaxel delivery to MDA-MB-231
breast cancer cells are examples of a study testing HA-conjugated micelle drug forma-
tion [173]. Results showed that HA conjugation of micelles enhanced cellular uptake.
Moreover, treating mice bearing xenograft MCF-7 human breast cancer tumors with HA-
shelled-paclitaxel prodrug micelles resulted in 100% mouse survival and tumor-specific
accumulation of the micelles [174].

In pancreatic cancer, the use of HA-engineered nano-micelles loaded with 3,4-
difluorobenzylidene curcumin were tested in CD44-positive MiaPaCa-2 and AsPC-1 pan-
creatic cancer cell lines [175]. The existence of pancreatic cancer stem cells overexpressing
CD44 was identified, contributing to a tumor’s resistance to chemotherapy [175,176]. Re-
cent studies in vivo continued to prove the success of HA:Sucrose nanoparticles in the
delivery of anticancer treatments (such asEF2-Kinase inhibitor) to pancreatic cancer cells,
leading to significant inhibition of division and tumor formation [177].

129



Biomolecules 2021, 11, 395

Recognized, HA-based micelles’ disadvantages are the limited drug circulation in the
blood and the fast uptake by liver endothelial cells [178]. Therefore, the conjugation of
HA-micelles with PEG has been tested to improve their blood circulation time. Although
PEGylation may affect the micelle interaction with cancer cells HA-receptors [179], the
simultaneous use of these two types of micelles showed no significant variances as to their
delivery efficiency in vivo [180].

3.4.2. Hyaluronic Acid-Based Nanogels

These types of nanoparticles with physically or chemically crosslinked polymer chains
possess pores that can be filled with macromolecules to target cancer cells, as initially
demonstrated in vitro [181,182]. HA-based nanogels are used to improve the activity
of delivering compounds, enhancing stability, and increasing the biological half-life of
HA [178,183]. Indeed, several studies demonstrate the efficiency of HA-based nanogels
as drug carriers [184,185]. Moreover, it is possible to link HA with coiled-coil peptide,
creating a pH-sensitive nanogel for controled drug release to increase the anti-tumor effect
on MCF-7 cells in vitro [186]. Furthermore, it was shown that HA nanogels, fabricated by
the methacrylation strategy, are sensitive to enzyme action. The nanogels target cancer cells
in a manner dependent on HA receptors expression and are deconstructed by the action
of Hyals, releasing their drug load [185]. The introduction of cholesterol to crosslinked
nanogels confers hydrophobicity to HA, increasing cell membranes’ permeability to HA-
based nanogels [187]. Another way to enhance the hydrophobic features of HA nanogels is
to acetylate the HA backbone. Indeed, acetylation’s degree affects Hela cells’ drug loading
efficiency and targeting in an in vitro experimental model [188].

3.4.3. Inorganic Hyaluronic Acid-Based Nanoparticles

Another category of HA-based nanoparticles is the metal-organic framework NPs
conjugated with HA. These porous materials carry many metal-binding sites that can be
used for specific functionalization [106,179]. Their advantages are connected to their high
drug loading efficiency due to increased binding surface area [189]. This type of NP is
sensitive to different pH conditions, allowing fine-tuning of their release, as demonstrated
in a prostate cancer cell model [190].

Combining metal with HA allows the exploitation of specific characteristics of both
materials. Thus, AuNPs improve radiotherapy due to gold’s ability to adsorb X-rays,
demonstrated in animal models [191]. On the other hand, HA allows the restructuring
of AuNPs surface, enhancing the ability of the hybrid NPs to conjugate with drugs [192].
Moreover, the combined NPs exhibit superior stability and high-affinity targeting of CD44
positive liver cancer cells in vitro, as shown by Kumar et al. [193]. Furthermore, Dox-
HA-super-paramagnetic iron oxide nanoparticles (Dox-HA-SPION) were suggested to
enhance the drug efficacy and to minimize off-target effects in MDA-MB-231 human triple-
negative breast cancer cells (TNBC) [194]. Liu et al. designed tumor-targeting HA-titanium
dioxide (HA-TiO2) nanoparticles loaded with cisplatin (CDDP) with significant anticancer
activity in the A2780 ovarian cancer cells [195]. Silica NPs, also classified as inorganic
nanomedicines, have many advantages, such as controllable shape and size, low toxicity,
and good biocompatibility [196]. Modified with HA silica NPs exhibit increased delivery
to HA-receptor expressing cancer cells, as demonstrated in vitro and in vivo [197].

3.4.4. Clinical Trials Implementing Hyaluronic Acid-Based Nanoparticles

Primary studies in cell cultures and animal trials have shown promising results of
HA-based nanoparticle efficiency in anticancer therapy. Some of these compounds have
already been tested in Phase 2 or Phase 3 clinical trials with positive outcomes regarding
efficiency and safety. A phase 2 trial tested HA-irinotecan plus cetuximab in 45 patients
with KRAS wild-type metastatic colon cancer to examine the compound’s safety and
efficacy. However, the results of the study have not yet been announced [198]. Another
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phase 2 study involving 39 patients with extensive-stage SCLC indicates that HA-irinotecan
treatment provides survival benefits for patients bearing CD44 positive tumors [199].

Furthermore, phase 1 and 2 clinical trials utilizing HA-cisplatin nanoconjugates (HA-
Pt) in dogs with naturally occurring anal sac carcinoma, oral squamous cell carcinoma,
oral melanoma, nasal carcinoma, or digital squamous cell carcinoma have been conducted.
The obtained results demonstrated the beneficial effects of HA-Pt drug formulations for
the treatment of canine squamous cell carcinomas. Moreover, nephrotoxicity, a serious
side-effect of Pt therapy, was not evident in any canine subject. Notably, canine oral SCC’s
similarity to human HNSCC regarding progression and drug response gives essential
information for developing human treatments [200]. Examples of HA-based nanoparticle
types tested in different cancer models are shown in Table 2.

Table 2. Types of HA-based nanoparticles tested in different cancer models.

HA-Based NP Types Composition Drug/Conjugate Human Cancer Type Reference

Micelles
HA-b-dendritic oligoglycerol paclitaxel breast [174]

HA-copoly(styrene maleic acid) 3,4-difluorobenzylidene
curcumin pancreatic [175]

Nanogels
Coiled-coil-peptide-cross-

linked-HA

GY(EIAALEK)3GC (E3)
and GY(KIAALKE)3GC

(K3)
breast [186]

Acetylated HA with low
molecular weight 1,2,3-with

degrees of acetylation 0.8, 2.1, 2.6
acetyl groups per unit (2 glucose

rings)

Doxorubicin cervical [188]

Inorganic
HA super-paramagnetic iron

oxide Doxorubicin breast [194]

HA-titanium dioxide Cisplatin ovarian [195]

4. Targeting GAGs in Cancer—New Prospective
4.1. Targeting Heparan Sulfate/Heparin

HS, expressed by all mammalian cells in homeostasis [31], has been determined to
be the most complex GAG [19]. This highly variable GAG is critical in cellular signaling
and extensively remodeled during cancer progression. In its natural state, Hep is a het-
erogeneous mixture composed of polysaccharide chains that exhibit varying lengths and
different sulfation patterns. Hep, compared to HS, is more homogeneous and its main
function is storage. HS and Hep chains can establish specific interactions with various
protein mediators regulating critical cellular signaling [18]. The affinity of HS/Hep chains
to proteins such as growth factors seems to be significantly affected by their sulfation status
and resulting electrostatic interactions [157–159]. Moreover, analysis by the polyelectrolyte
theory demonstrated that the binding of FGF-2 to Hep is primarily accomplished through
the more specific nonionic interactions, such as van der Waals packing and hydrogen
bonding [201]. Therefore, inherent properties of the GAG chains need to be taken into
account when designing novel drug carriers [157–159].

To date, more than 400 HS-binding proteins have been identified, including cytokines,
growth factors, chemokines, ECM proteins, as well as enzymes and enzyme inhibitors [18].
Thus, the targeting of HS protein interactions is an essential developing therapy approach.

The strategies that have been examined for cancer-oriented therapy are based on (i) the
utilization of GAG mimetics as competitive agents to block HS–protein interactions (ii) the
utilization of enzymatic methods to cleave or modify HS to inhibit HS–protein interactions.

The utilization of unfractionated Hep and LMWHs is standard clinical practice for the
protection against venous thromboembolism in cancer patients [202]. This clinical practice’s
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implementation has also demonstrated a beneficial effect of Hep on cancer patient survival
discrete from its anticoagulant properties [203]. Indeed, Hep has now been recognized as
a multifunctional drug [50]. Hep mimetics are commonly described as synthetic or semi-
synthetic compounds that are anionic, usually highly sulfated, and structurally defined as
distinct GAG analogs [204].

Research efforts focused on the synthesis of Hep derivatives with attenuated polyphar-
macy traits and anticoagulant activity, exhibiting enhanced potency and specificity while
downregulating unwanted side effects, e.g., anticoagulation [204]. This approach has
been facilitated by significant development in carbohydrate synthesis, including one-pot
multi-step procedures and coupling reactions, enabling the synthesis of complex oligosac-
charides [205].

A recently synthesized, multitargeting Hep-based mimetic, necuparanib, was shown
to attenuate pancreatic cancer tumor cell growth and invasion in a three-dimensional (3D)
culture model. In contrast, in vivo, it facilitated survival and attenuated the metastatic
ability of pancreatic cancer cells. Furthermore, the proteomic analysis demonstrated that
necuparinib, among others, targeted ECM-originating mediators, well established to affect
cancer cell growth and metastasis. Specifically, necuparanib attenuated the expression
of metalloproteinase 1 (MMP1) and facilitated the expression of tissue inhibitor of metal-
loproteinase 3 (TIMP3) in the 3D pancreatic cancer model [206]. Moreover, the levels of
TIMP3 in the plasma of patients with metastatic pancreatic cancer who were participating
in a phase I/II study treatment with necuparanib plus standard therapy were found to be
substantially enhanced [206].

A crucial therapeutic target is cancer-associated angiogenesis. Both fibroblast growth
factors (FGFs) and vascular endothelial growth factor (VEGF) can form ternary complexes
with HS and their respective cell-membrane receptors, initiating signaling cascades that
facilitate angiogenesis [207]. These growth factors are characterized as important cancer
therapy targets with Hep mimetics’ possible implementation [208,209]. The D-mannose-
based sulfated oligosaccharide mixture, PI-88 (Muparfostat) is one such inhibitor. It is
developed from the oligosaccharide phosphate fraction obtained from the extracellular
phosphomannan, initially derived from the yeast Pichia (Hansenula) holstii (NRRL Y-2448)
and subsequently extensively sulfated [210,211].

Modified LMWH functionalized by polystyrene (NAC-HCPS) exhibited increased
affinity to HS binding growth factors and attenuated anticoagulant properties, decreased
endothelial cell growth, and formation of endothelial tubes [212]. Moreover, SST0001 Hep
derivatives, characterized by 100% N-acetylated, 25% glycol split Hep SST0001 (100NA-
ROH, roneparstat), efficiently reduced FGF2-mediated proliferation of endothelial and
lymphoid cells and displayed a limited capacity to release FGF from the ECM. This effect
is associated with the N-acetylation of GlcN.SST0001 and was also reported to counteract
human sarcoma cell invasion induced by exogenous FGF2 [213]. Interestingly, Hep is
actively uptaken by melanoma cells and affects their migration and adhesion [214].

The disadvantages of using Hep derivatives, discussed above, are mostly correlated
to the intrinsic Hep anticoagulant properties to initiate severe hemorrhagic effects.

4.2. Enzymatic Modulation of HS–Protein Interactions

Heparanase, the only mammalian enzyme responsible for HS/Hep cleavage, is a
strict endo-β-glucuronidase, favoring the fission of a GlcA linked to 6O-sulfated GlcN,
which can either be N-sulfated or N-acetylated [56]. However, advances have implicated
the potential controlling role of the surrounding saccharide sequences and their sulfation
pattern in regulating the extent of substrate degradation [56].This plasticity of substrate
specificity enhances the execution of various heparanases’ roles [215]. The cleavage of HS
chains bound into PGs releases latent growth factors, including FGF2, hepatocyte growth
factor (HGF), keratinocyte growth factor (FGF4), and TGF-β, which are sequestered to
the matrix and cell surface, but also inherently modulates the protein-GAG interactions
and downstream signaling [216]. Indeed, trimming of HS can enhance the binding of
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growth factors to their respective receptors, as in the case of FGF-2 where the creation
of tertiary FGF2-FGFR-HS complex is increased by moderate heparanase activity [217].
Moreover, heparanase was found to reside and accumulate in lysosomes suggesting that it
also exhibits intracellular functions [218].

Heparanase strongly affects protein–HS interactions, whereas tumor-associated activated
fibroblasts, endothelial cells, and immune cells exhibit increased heparanase activity [219].
The overexpression of heparanase results in vivo in increased tumor metastasis, whereas
downregulating heparanase markedly decreases cancer cells’ ability to metastasize [220].

Heparanase expression was shown to be upregulated in all cancer types, including
sarcomas, carcinomas, and hematological neoplasms [221]. Notably, heparanase activity
has been correlated to various human cancers’ metastatic potential. Thus, the examination
of the Cancer Genome Atlas (TCGA) data on heparanase expression in breast cancer clinical
samples showed its upregulation in the majority of specimens. Furthermore, increased
heparanase expression was correlated with poor patient survival [222]. Similar results
have been obtained for other cancer types, including multiple myeloma [223] and bladder
cancer [224]. Moreover, heparanase has been shown to affect cancer angiogenesis [225],
invasion, and autophagy [226] and partly through syndecan-1-dependent mechanisms to
modulate inflammation-associated tumorigenesis [227].

Heparanase can affect the response to chemotherapy. Thus, anti-myeloma chemothera-
peutic agents, including bortezomib (proteasome inhibitor) or melphalan (alkylating agent),
were shown to increase the expression and secretion of heparanase in an in vitro myeloma
model. The subsequent uptake of soluble heparanase by tumor cells initiated ERK and
Akt signaling pathways, stimulated the expression of vascular endothelial growth factor
(VEGF), HGF, and MMP-9, and was correlated with an aggressive tumor phenotype [228].

An essential mechanism of heparanase action is promoting exosome secretion, which
affects both tumor and host cells’ biological behavior and finally drives tumor progres-
sion [229]. In a myeloma model, it was shown that chemotherapeutic drugs increase
exosome secretion. Notably, chemoexosomes have an increased heparanase load, enhanc-
ing cell HS’s cleaving activity and initiating ERK signaling and syndecan-1 shedding. These
authors suggest that anti-myeloma therapy stimulates the secretion of high heparanase
content exosomes, facilitates ECM remodeling, changes tumor and stroma cell behavior,
and contributes to chemoresistance [230].

Several therapeutic approaches have been tested to develop efficient inhibitors of
heparanase activity. Non-anticoagulant heparin derivatives such as SST0001 or roneparstat
significantly downregulated heparanase-dependent cleavage of syndecan-1 HS chains,
attenuated HGF, VEGF, and MMP-9 expression resulting in decreased tumor growth
and angiogenesisinvivo [231,232]. Preclinical evidence resulted in the first human study
(NCT01764880) assessing the safety and tolerability of roneparstat in patients with re-
lapsed or refractory multiple myeloma (MM). Patients treated with Roneparstat exhibited
acceptable tolerance at clinically significant doses [233].

PI-88 is an inhibitor of heparanase, in addition to its antagonist of angiogenic growth
factors function [234]. Even though it exerted adjuvant properties in hepatocellular car-
cinoma and melanoma patients [235,236], PI88 has been correlated with bleeding events,
and thus, did not progress to clinical practice [237].

A series of PI-88 analogs have been synthesized, exhibiting superior performance.
The improved analogs comprise single, characterized oligosaccharides with discrete func-
tionalizations and exhibit more efficient antagonism of angiogenic growth factors and
respective receptors binding with HS. These properties are translated into potent inhi-
bition of growth factor-dependent endothelial cell growth and strong downregulation
of the endothelial tube formation [234]. PG545 is the outstanding member of the PI88
analogs series exhibiting significant anti-angiogenic, anti-proliferation, and antimetastatic
effects through potent heparanase inhibitory and angiogenic growth factor antagonist
effects [238]. Moreover, PG545 was shown to exert anti-tumor effects discrete from hep-
aranase inhibition as it induces lymphoma cell apoptosis in a non-heparanase-dependent
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manner [239]. PG545 (pixatimod) is currently being tested in clinical trials [238]. However,
despite promising breakthroughs, the development of heparanase inhibitors with beneficial
clinical performance and acceptable adverse effects is still elusive. Therapeutics targeting
HS are summarized in Table 3.

Table 3. Therapeutics targeting HS.

Therapy
Target

Drug Cancer Type Stage Reference

Antagonists of
angiogenic growth

factors

necuparanib Pancreatic cancer

3D model, animal tumor
model, Phase I/II clinical
trial in combination with

standard therapy

[206]

PI-88 (muparfosfat) General tumor
angiogenesis In vitro, animal models [210,211]

NAC-HCPS Lung tumor Animal model [212]

Hep SST0001
(roneparstat) Sarcoma Animal models

Section 2 [213]

Heparanase
Inhibitors
Section 3

SST0001 (roneparstat) Multiple myeloma
Section 4

Animal model, Clinical trial
Section 5 [232,233]

PI-88
(muparfosfat)

Hepatocellular
Carcinoma. melanoma Clinical trial [235,236]

PI-88 analogs
(PC545-pixatimod) Human lymphoma Animal model,

Clinical trial [237,238]

However, some studies targeting heparanase demonstrated contradictory results. In
some model systems, inactive heparanase facilitated adhesion and migration of endothelial
cells and induced factors that promote angiogenesis, such as vascular endothelial growth
factor [240]. The enzyme has a C-terminus domain involved in the molecule’s signaling ca-
pacity. The human heparanase variant (T5) lacking enzymatic activity has protumorigenic
properties, indicating the enzyme’s complex role in cancer pathogenesis [240].

5. GAGs and Immunological Aspects of Cancer Therapy

The involvement of glycobiology in cancer and the anti-tumoral immune response
can be analyzed at several levels. GAGs are involved in the immune response; they can
constitute new biomarkers and offer possibilities to develop new immune-therapy targets.

The interconnection of the immune system and various aspects of tumorigenesis are
described in all types of cancers [241,242]. An array of immune cells, mainly from the
myeloid lineage, macrophages, and dendritic cells, modulate tumor neoangiogenesis. HA
is an essential component of the TME, and its abnormal deposition has been assessed
in different tumor types. As HA is one of the modulators of tumor angiogenesis, it can
influence various immune cells’ physiopathology within the TME. HA-induced effects
depend on both its polymer size and its complexes with other molecules. Under healthy
conditions, HASs and Hyals are a tightly regulated molecular network that keeps HA
ECM levels within physiological limits. When pathological conditions appear, and HA
homeostasis is perturbed, the enzymes that regulate its characteristics aid the pro-tumoral
processes in TME and induce resistance to therapy [243].

Inflammation and tumorigenesis are intertwined processes [244], and inflammatory
mechanisms are involved in both the tumors’ initiation and progression. In the continuous
communication with the ECM, GAGs regulate the cell/matrix interface and the immune-
related mechanisms [2].
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5.1. GAGs Roles in Tumor Immunology

CD44-HA constitutes a molecular tandem that can affect tumor immunology by
utilizing complex mechanisms [6]. Macrophages have a different expression of CD44
related to their functions, and their capacity to bind HA is variable. CD44 has the highest
expression in M1 polarized macrophages, followed by M0 type of macrophages, whereas
M2 type expression is similar to the latter. The higher CD44 expression in M1 induces
increased binding of HA. On the other hand, the lower M2 expression favors a better
internalization of HA. Therefore, the molecular mechanisms in the CD44-HA tandem
exhibit subtleties to predict targeting behavior [245].

The presence of tumor-associated macrophages (TAMs) is correlated with the poor
outcome in tumor-bearing organisms because these cells sustain the immune-suppression
and enhance pro-tumoral mechanisms, and, last but not least, inhibit the actions of anti-
tumoral drugs. Therefore, TAMs are preferred targets in tumor therapies [246]. Several
years ago, a nanoparticle was designed comprising poly(lactic acid-co-glycolic acid-grafted
HA (HA-g-PLGA) that carried a cytostatic, an active metabolite of irinotecan. At the
acidic pH of the TME, HA is exposed, and by linking to the CD44 expressed on tumor
cells and TAMs, it delivers the cytostatic intracellularly. Tumor cells continue to recruit
TAMs that encounter carriers with the cytostatics; hence, the anti-proliferative effect is
propagated [247].

In a recent study, novel carrier molecules were tested. Within the tested compounds,
oligomeric HA (oHA) targeted CD44 receptors on TAMs for the delivery of curcumin (Cur)
and baicalin (Bai) to overcome tumor resistance. The carrier had good cellular penetration
and cytotoxicity upon tumor cells. In in vivo animal modelsof A549 tumor-bearing nude
mice, the significant anti-tumoral effect was re-confirmed [248]. HA-based nanoparticles
were tested as drug carriers in epithelial ovarian cancers to target TAMs specifically. Thus,
HA nanoparticles that encapsulate miR-125b (HA-PEI-miR-125b) targeted TAMs in an
experimental mouse model of syngeneic ID8-VEGF ovarian cancer and induced these
cells to an immune-activating phenotype [249]. In the 4T1 breast cancer animal model,
mesoporous Prussian blue (MPB) nanoparticles and LMWHA (LMWHA-MPB) were tested.
This approach demonstrated that LMWHA-MPB penetrates M2 macrophages (pro-tumoral
macrophages), which are subsequently diverted toward the M1 phenotype exhibiting
anti-tumoral action. Therefore, LMWHA-MPB can induce TAMs pro-tumoral potential
and can likewise be used in situ for microenvironmental tumoral regulation [250].

LMWHA per se was demonstrated to have an anti-tumoral effect in colorectal carci-
noma. The immune response involves activated dendritic cells (DC). Authors have shown
that preconditioning DC from tumors with LMWHA increased their ability to migrate
in vitro and enhanced DC in vivo recruitment to regional lymph nodes. In a mouse animal
model, tumor lysate-pulsed DC (DC/LMWHA) was administered, and a potent anti-tumor
response was obtained. Splenocytes from animals treated with DC/LMWHA displayed
higher proliferative capacity, enhanced IFN-γ production, and lower immunosuppressive
cytokine levels. Therefore, LMWHA can be considered a new adjuvant candidate for
DC-based anticancer vaccines [251].

Using HA’s ability in reprogramming pro-tumoral M2 type TAMs to anti-tumor
M1 macrophages, other nanoparticles with MnO2 were used to decrease tumor hypoxia
chemoresistance in the breast cancer experimental model. Increased tumor oxygenation
was obtained in conjunction with hypoxia-inducible factor-1 α (HIF-1α) and VEGF down-
regulation. When these nanoparticles were combined with classical cytostatic Dox, tumor
growth/proliferation was inhibited [252].

As cancer immunotherapy has recently gained unprecedented momentum, HA’s
involvement as a drug carrier was tested. TC-1, a polymeric conjugate formed by HA and
ovalbumin (OVA) as a foreign antigen, was tested using mouse lung tumor cells. This
model showed that OVA257-264 peptide is presented complexed with MHC class I on
the cells’ surface. With this approach, the foreign antigen could induce an anti-tumor
effect by enhancing the immune cells’ attack. The mouse model’s systemic administration
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showed that the conjugate is accumulated into tumor tissue and facilitates the cytotoxic T
lymphocytes’ (CTLs) attack of the tumor cells, thus inhibiting tumor proliferation [253].

OVA-loaded micelle consisting of PEGylated HA was tested for increasing the OVA
uptake. The HA-coated micelle targeted CD44 on tumor cells and increased OVA cellular
uptake more than 10 times. Loading tumor cells with a foreign antigen, such as OVA,
would increase their recognition by CTLs, and thus, enhance destruction. In animal models,
tumor growth was significantly inhibited, and the authors point out that in the case of
cutaneous melanoma, this can be another approach to enhance immune-therapy [254]. The
same principle was implemented in TC-1 mouse cells and lung cancer epithelial cells, using
MMP9-responsive conjugates consisting of PEGylated HA and OVA. The complex was
taken up through CD44-expressing cancer cells via receptor-mediated endocytosis. In an
in vivo animal model, the tumor growth was significantly inhibited, antigen presentation
on the tumor cells enhanced, and T cytotoxic anti-tumoral action increased [255]. A complex
using HA and OVA on gold nanoparticles (AuNPs) was used to increase antigen uptake, by
DC, via receptor-mediated endocytosis. The complex HA-OVA-AuNPs has enhanced near-
infrared (NIR) absorption and thermal energy translation, so after engulfment, the cytosolic
antigen will be delivered through the photothermally targeted process. Proteasome activity
is increased, and the MHC I antigen presentation is enhanced; thus, the CD8+ cytotoxic
T-cell response is triggered. This protocol can be fruitfully expanded in the cancer vaccine
development area [256].

As some of the tumor cells and primary lymphocytes have low HS expression, other
carriers need to be utilized. Thus, proteins complexed with nanosize cholesteryl group-
bearing pullulans (cCHP) can be efficiently delivered to myeloma cells and to primary CD4+
T cells by macropinocytosis. When using these new types of nanoparticles to deliver the
anti-apoptotic protein Bcl-xL, T cells’ functional regulation is achieved. These nanoparticles
can bypass the lack of HS expression and deliver anticancer effectors and modulators of
immune regulation [257].Figure 2 outlines the main mechanisms GAGs utilize to hinder
immune anti-tumoral action.

 

β β
β

β

Figure 2. The main mechanisms through which GAGs hinder immune anti-tumoral action. A. HA binds t oCD44-expressing
T suppresor cells and to the pool of tumor-associated macrophages contributing to the immuno-suppressive milieu in TME;
B. Specific enzymes (e.g., β1,4-N-acetylgalactosaminyltransferase 3 and β1,4-galactosyltransferase 3) induce modification of
β1 integrin expressed by tumor cells, triggering intracellular signaling that favor pro-tumorigenic effects in cell growth, cell
cycle, and apoptosis. C. HA in the TME binds toCD44 expressed by tumor cells to physically block NK and T cytotoxic
lymphocytes’ access to tumor cells.
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5.2. GAGs as Immunotherapy Targets

TME is complex and consists of immune cells (mainly lymphocytes and myeloid
cells), non-immune cells (mainly endothelial cells and fibroblasts), and a complex array
of structures, such as ECM, and various molecules that are either secreted or append
to the cell membrane [258]. TME sustains molecules that hinder the potential effector
function of NK lymphocytes. Transforming growth factor (TGF)-β and members of its
superfamily downregulate NK cell cytotoxicity functions, cytokine secretion, metabolism,
and proliferation. Likewise, galectins, a family of carbohydrate-binding proteins produced
by different sources within the TME, downregulate NK cell functions. Various ECM
components and associated enzymes (e.g., MMPs) can hinder NK cells’ activation and
become future therapy targets [259]. Pancreatic cancer, TME, contains various possible
therapy targets, such as HA, focal adhesion kinase (FAK), connective tissue growth factor
(CTGF), CD40, and chemokine (C-X-C motif) receptor 4 (CXCR-4), which could be utilized
in future clinical applications [260].

Immune checkpoint inhibitor immunotherapies that had achieved broad clinical ap-
plicability in recent years [261] face the gaining of resistance. It is supposed that the HA
accumulation influences tumor cells’ sensitivity to chemotherapy and immunotherapy.
A semiquantitative grouping of non-small lung cancer tissue demonstrated that HA de-
position predicts the tumor response to pegylated hyaluronidase (PEGPH20) in animal
models [262]. Thus, HA degradation facilitates tumor cells’ exposure to drugs. Notably,
utilization of PEGPH20, in a phase I clinical study demonstrated safety and good tolerabil-
ity [263]. A phase I clinical trial, combining PEGPH20 with an immunotherapeutic agent,
pembrolizumab, is currently ongoing in a cohort of metastatic gastric adenocarcinoma
and non-small cell lung carcinoma patients [264], The reasoning behind this approach is
the combination of facilitating drug access to tumor cells with the hypothesis that HA
may modulate regulatory T cells and antitumor immune responses [265]. Clift et al. have
shown that upon degrading HA, the anti-programmed death-ligand 1 (PD-L1) antibody
accumulates more intensely in breast cancer tissues in vivo. An increased accumulation of
T and NK cells was noticed upon HA degradation. The authors point out that decreasing
HA in TME would enhance anti-tumoral immune cell infiltration and increase checkpoint
inhibitor therapy efficacy [266].

Heparanase has also been linked to tumor immunology. It was shown that heparanase
is implicated in chronic inflammatory bowel conditions and, consequently, in colon car-
cinoma initiation [222–224]. There is a clear correlation between intestinal heparanase
and immune cells, mainly macrophages, which sustain the chronic inflammation and
create a pro-tumoral microenvironment. Therapies that can re-equilibrate this enzyme’s
function and re-establish the physiological crosstalk between immune and epithelial cells
would hinder colon cancer development [267]. Leukocyte-derived heparanase is versatile;
therefore, subtle changes in the TME can direct the enzyme to either pro-or anti-tumoral
action. Thus, in immune cancer therapy, heparanase could be a vital therapy target by
either exploiting or inhibiting its activity [268].

Along these lines, heparanase inhibitors were tested in various hematological cancer
models. Weissmann et al. showed in 2019 that PG545, a heparanase inhibitor, had a
strong effect on human lymphoma. The inhibitor induces tumor cell apoptosis, ER stress
response, and increased autophagy. PG545 did not affect naïve splenocytes but induced
apoptosis even in lymphoma cells deployed of heparanase activity [239]. Another approach
was utilizing heparanase-neutralizing monoclonal antibodies that strongly attenuate lym-
phoma cell tumor load in mouse bones due to tumor cell growth inhibition and reduced
angiogenesis [269].

In chronic lymphocytic leukemia (CLL), stromal cells secrete and present CXCL12,
a CXC chemokine ligand, through cellsurface-bound GAGs. By using this mechanism,
CLL cells are protected from cytotoxic drugs and sustain the residual disease. The GAG
mimetic, NOX-A12, binds and neutralizes CXCL12 and was tested to affect tumor cell
migration. NOX-A12 inhibited CLL cell chemotaxis generated through CXCL12. Thus,
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NOX-A12 competes with GAGs (e.g., Hep) for CXCL12 binding and sensitizes CLL cells
toward chemotherapeutic drugs [270]. An outline of the main immune-therapy targets is
summarized in Table 4.

Table 4. Developing GAG-associated immune-therapies.

Target Therapy Cancer Type Stage Reference

Hyaluronan
PEGylated recombinant

hyaluronidase
Section 6

Solid tumors phase I study [263]

Non-small lung cancer Animal model [262]

Refractory locally advanced or
metastatic gastric

adenocarcinoma and
Non-small cell lung carcinoma

A phase 1b trial of
PEGPH20 with
pembrolizumab
(NCT02563548)

[264]

Heparanase

Heparanase inhibitors
Colon carcinoma Animal model [267,271]

Human lymphoma In vitro cellular model [239]

Heparanase
neutralizing antibody

Human follicular and diffused
non-Hodgkin’s B-lymphomas Animal model [269]

6. GAGs as Potential Cancer Therapy Response Biomarkers

The physical barrier represented by HA in the TME restricts immune therapy efficacy
by hindering antibody and immune cell access. It was shown in 50% of HER2(3+) primary
breast tumors and almost 50% of EGFR(+) head and neck squamous cell carcinomas that
the tumor tissue characterized by high HA expression is associated with immune therapy
resistance. The matrix containing high HA deposition hinders NK immune cell access
to tumor cells. The depletion of HA by PEGPH20 (pegylated recombinant human PH20
hyaluronidase) propagates NK cells’ access to these tumors. In vitro, the same mechanisms
enhanced trastuzumab- or cetuximab-dependent antibody-dependent cellular toxicity
(ADCC), while the in vivo experiments also demonstrated treatment efficacy. Considering
that the tumor HA deposition can be used as a marker for immune therapy resistance,
other clinical management protocols can be developed [271].

In colorectal cancer, it was established that glycosylation alters over 80% of human
proteins and that aberrant glycosylation is involved in cancer development and progression.
Glycan changes (e.g.,carbohydrate antigen CA 19-9 or carcinoembryonic antigen) are
already established biomarkers in this cancer. Recent reports have shown that altered
glycosylations can be involved in drug resistance mechanisms and indicate new predictive
biomarkers [272].

GAGs are utilized as biomarkers in other disease types, including mucopolysacchari-
doses (MPSs) [273]. The MPSs present approximately 30% of lysosomal storage diseases
and are induced by inefficient GAG breakdown due to active enzyme deficiencies [274].
Without treatment options, patients exhibiting severe MPS forms die within the first two
decades of life [273].

7. Conclusions

GAGs are versatile molecules that play multifaceted roles in the human body. They are
involved in all biological functions and are acrucial mediator of homeostasis. Alterations
in both the expression and GAG fine chemical structure are evident during cancer develop-
ment and progression. Research efforts directed at the role of GAGs in cancerogenesis are
rapidly increasing, and some of the findings have made their way into clinical practice.

The field has been facilitated by essential developments in available technologies,
including imaging technologies, mass spectrometry, microarrays, and bioinformatics
tools [275–277]. Therefore, we can now deepen our studies of the glycome, leading to
an improved understanding of the glycobiology field. Indeed, the recent advancements
in the GAG structure/function relationship have allowed a better appreciation of the
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GAGs role in tumorigenesis and the utilization of this knowledge for cancer detection,
prognosis, and therapy implementation. GAGs are now being employed as biomarkers
for disease progression and tumor aggressiveness [278].They are involved in the tumor
immune response, can be used by themselves or in the form of hybrid PGs therapeutic
targets, and offer targeted drug delivery [1,279]. As drug carriers, GAGs are characterized
by high specificity, multi-functionality, and good biocompatibility, the key to the success
of new therapies in oncology [279]. Considering that GAGs are critical molecules of the
complex cellular and molecular TME network, their multi-factorial utilization could enable
personalized therapy implementation. However, some obstacles still need to be overcome
as the heterogeneity of native GAG preparations has introduced the need for producing
synthetic or semi-synthetic GAG mimetics with improved pharmacokinetic properties,
higher selectivity, and attenuated or even abolished adverse side-effects. Future research
efforts will enhance GAG implementations in the clinic and hopefully improve therapeutic
strategies for some cancer types.
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Abstract: In an era when cancer glycobiology research is exponentially growing, we are witnessing a
progressive translation of the major scientific findings to the clinical practice with the overarching aim
of improving cancer patients’ management. Many mechanistic cell biology studies have demonstrated
that heparan sulfate (HS) glycosaminoglycans are key molecules responsible for several molecular
and biochemical processes, impacting extracellular matrix properties and cellular functions. HS can
interact with a myriad of different ligands, and therefore, hold a pleiotropic role in regulating
the activity of important cellular receptors and downstream signalling pathways. The aberrant
expression of HS glycan chains in tumours determines main malignant features, such as cancer cell
proliferation, angiogenesis, invasion and metastasis. In this review, we devote particular attention to
HS biological activities, its expression profile and modulation in cancer. Moreover, we highlight HS
clinical potential to improve both diagnosis and prognosis of cancer, either as HS-based biomarkers
or as therapeutic targets.

Keywords: biomarker; cancer; cancer therapy; extracellular vesicles; glycosaminoglycans; heparan
sulfate; proteoglycans

1. Introduction

After decades of knowledge about the cellular signalling pathways mediated by gly-
coconjugates and the impact of the glycan structural characteristics in defining specific
cellular responses, researchers are taking advantage of the multiple features of glycosamino-
glycans (GAGs) to develop new tools for improving the clinical management of cancer.
GAGs are long linear chains of heterogeneous saccharides, comprising one of the major
biomolecules class found in all mammalian cells [1]. GAGs have been extensively studied,
and their interactions with growth factors, morphogens, chemokines, extracellular ma-
trix (ECM) proteins and their bioactive fragments, receptors, lipoproteins and pathogens
are well described [1–5]. This dynamic network orchestrates several essential functions,
from critical steps in embryogenesis and early development to ECM (re)modelling and cell
signalling regulation in various physiological and pathological contexts, such as metabolic
and neurodegenerative diseases, infections and cancer [6,7]. This review focuses on one
particular class of GAGs: Heparan sulfate (HS). HS are anionic polysaccharide chains that
assemble as disaccharide building blocks of glucuronic acid (GlcA) linked to N-acetyl-
glucosamine (GlcNAc) and undergo extensive modification through the action of at least
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four families of sulfotransferases and one epimerase. HS chains are covalently linked to a
core protein to form heparan sulfate proteoglycans (HSPGs), which can be expressed at the
cell membrane, released into the ECM [8] or secreted in extracellular vesicles (EVs) [9,10].
The HSPGs are the main mediators of cellular interaction with an enormous number of
ligands. Over the last decade, new insights have emerged regarding the mechanisms
and the biological significance of those interactions [7,11–13], and in this last couple of
years, their biomedical potential has been at the forefront in glycobiology translational
research [14–16]. HS interfere in many steps of tumour progression, such as cancer cell pro-
liferation, immune response escaping, invasion of neighbour tissues and metastasis [7,9,17].
Moreover, the aberrant expression of different HSPGs and of the key enzymes involved
in HS biosynthesis and post-synthesis modifications impact cancer cell behaviour [17,18].
The interplay between researchers and clinicians has been key to identify the major needs
in the clinical practice, and therefore, propel a better understanding on the potential of HS
with the ultimate goal of improving cancer patients’ management. This ladder could not be
scaled without the parallel development of powerful analytical equipment and approaches
for glycan characterisation [19,20]. These biotechnological advances have contributed to
unravel important features regarding the chemical diversity of HS structures, along with
the intricate regulation of its biosynthetic pathways.

This review presents the main HS and HSPGs biological functions, from physiological
to disease contexts, and summarises the most recent findings on HS as biomarkers and/or
as therapeutic targets.

2. Glycosaminoglycans as Main Extracellular Matrix and Glycocalyx Building Blocks
2.1. Glycosaminoglycans and Proteoglycans Diversity

ECM is a well-organised and dynamic macromolecular complex that provides a
three-dimensional scaffold for cells and contributes to tissue homeostasis. Generally,
the ECM is composed by varied fibrous proteins, polysaccharides and water. However,
its major components, and subsequent structural features, are tissue-specific. Its most
common constituents include collagens, glycoproteins, such as laminins and fibronectin,
proteoglycans (PGs) and GAGs [21,22]. Besides acting as important ECM building blocks,
PGs are also major components of the cellular glycocalyx. This cell’s surface layer includes a
vast group of membrane-attached PGs, secreted GAG chains, glycoproteins and glycolipids
being associated with cellular functions in homeostasis, as well as to cell responses to injury
and disease [1].

PGs are composed by a core protein with GAG chains covalently attached. GAGs
are long and linear polysaccharides composed by repeating disaccharide units and rep-
resent an important distinctive structural feature amongst different PGs. According to
the disaccharide units that build these chains, GAGs can be classified as HS, chondroitin
sulfate (CS), dermatan sulfate (DS) or keratan sulfate (KS) [8]. Hyaluronan (HA) is the
exception because it is the only non-sulfated GAG and lacks a covalent bond to a protein
core. The different classes of GAGs are schematically represented in Figure 1A.

According to their cellular and subcellular localisation, overall homology and func-
tion, PGs can be further classified into five different groups: (i) Intracellular proteogly-
cans (Serglycin); (ii) Cell surface proteoglycans (syndecans (SDCs), chondroitin sulfate
Proteoglycan 4/neuron glia antigen-2 (CSPG4/NG2), betaglycan/TGFβ type III recep-
tor; phosphacan/receptor-type protein tyrosine phosphatase β; glypicans (GPCs)/GPI-
anchored proteoglycans); (iii) pericellular and basement membrane proteoglycans (Per-
lecan; Agrin; Collagens XV and XVIII); (iv) extracellular proteoglycans (Aggrecan; Versican;
Neurocan and Brevican); and (v) small leucine-rich proteoglycans (SLRPs) (class I-V),
which are abundant ECM glycoconjugates (decorin, biglycan, fibromodulin, luminican,
kerotocan, osteoglycan) [24].

The different carriers of HS GAGs at the cellular glycocalyx are shown in Figure 1B.
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Figure 1. (A) Structural composition and classification of glycosaminoglycan chains. Non-reducing termini are to the right
of the saccharide’s sequences. (B) Illustrative representation of major heparan sulfate (HS)-proteoglycans composing the
cells’ glycocalyx and extracellular matrix (ECM). Below each family of heparan sulfate proteoglycans (HSPGs) is indicated
the number and type of glycosaminoglycan (GAG) chains that commonly modify the core protein [8,23].

2.2. Heparan Sulfate Biochemical and Structural Features

HSPGs are composed by a core protein with covalently linked HS chains, whose length
ranges between 50–400 disaccharide units [25]. The glycan portion directly attached to the
protein is termed tetrasaccharide linker and is composed by a residue of xylose (Xyl) directly
attached to the core protein, two galactose (Gal) residues and one GlcA residue. This region
is followed by repeating disaccharide units of glucosamine and uronic acid residues. It is
the sulfation pattern of these repeating units that generate large structural and functional
diversity. The glucosamine residues can either be N-sulfated (GlcNS) or N-acetylated
(GlcNAc), both of which can suffer 6-O-sulfation (GlcNS(6S) and GlcNAc(6S)). GlcNS and
GlcNS (6S) can also be further 3-O-sulfated (GlcNS(3S) and GlcNS(3,6S)). The uronic acid
residues that can either be GlcA or its epimer Iduronic Acid (IdoA), can also be 2-O-
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sulfated (IdoA(2S) and GlcA(2S)) [6,25,26]. These sulfation and epimerisation reactions
give rise to, at least, 23 different HS disaccharide structures that constitute the sulfated
(S)-domains subsequently repeated through the chains. The S-domains are intercalated by
N-acetylated (NA)-domains, which are enriched in less modified disaccharides, providing
great variability within HS polysaccharides [25].

HS biosynthesis occurs in Golgi apparatus or at the endoplasmic reticulum (ER)-Golgi
interface, and is organised in three major events: (i) GAG-protein tetrasaccharide linker
assembly, through which HS are covalently attached to particular serine residues in the
PG core protein; (ii) HS chains polymerisation; and (iii) structural modifications of the
elongated chains [25]. The first two stages include a series of sequential steps catalysed
by different glycosyltransferases. It starts with the transfer of a Xyl residue, catalysed by
two O-xylosyltransferases (XYLT1 and XYLT2), followed by the addition of a Gal residue,
by Galactosyltransferase-I/β4-Galactosyltransferase 7 (β4Gal-T7) and subsequent tran-
sient phosphorylation of the Xyl residue mediated by the kinase FAM20B. This last step
is essential for the following reactions of assembly, as it enhances the activity of subse-
quent glycosyltransferases, namely, the Galactosyltransferase-II/β3-Galactosyltransferase
6 (β3Gal-T6), which will then add the second residue of Gal to the nascent polysaccharide
chain [27,28]. The biosynthesis of the tetrasaccharide linker (GlcAβ1-3Gal-β1-3Gal-β1-
4Xyl-β1-O-Ser) is completed once the Glucuronyltransferase I (GlcAT-I) adds a GlcA
residue to the extremity of the chain, in a reaction step that occurs simultaneously with the
dephosphorylation of the Xyl residue by the 2-Phosphoxylose phosphatase (XYLP) [29].

Knock-out (KO) cellular glycoengineering showed that abrogation of XYLT2 in CHO
cells that do not express XYLT1, abolished HS biosynthesis. Additionally, elimination
of B4galt7 and B3gat3 (GlcAT-I) gene expression also fully impaired GAGs biosynthesis,
while the KO of the genes coding for the enzymes β3Gal-T6 and FAM20B only reduced its
synthesis [30]. Koike et al. conducted silencing experiments in HeLa cells and observed
great reduction of the levels of HS chains in lower XYLP expressing cells, suggesting
that the dephosphorylation of xylose residues is necessary for correct tetrasaccharide
linker assembly [29]. However, more recently, it was determined that the KO of Pxylp1,
performed on CHO cells, did not alter the levels of GAGs [30]. These results indicate that
the role of XYLP in the maturation of the tetrasaccharide linker might be dependent of the
cellular context.

The above-mentioned enzymatic steps are common to the biosynthesis of heparin/HS
and CS/DS GAG chains, while the following events dictate the biosynthesis of a particular
type of GAG chains. Focusing on HS, the addition of a GlcNAc residue to the linkage
tetrasaccharide initiates the polymerisation of these chains (in detriment of the polymeri-
sation of CS chains). This reaction involves the catalytic activity of two members of the
Exostosin (EXT) family, EXT-like proteins 2 and 3 (EXTL2 and EXTL3), and is followed by
further elongation promoted by a hetero-oligomeric complex formed by EXT1 and EXT2
that mediates the intercalated transfer of GlcNAc and GlcA residues [31–34].

EXTL3 acts as a highly efficient α1,4-GlcNAc transferase towards mature tetrasac-
charide linkers by adding the first GlcNAc to the HS chains [32]. Different in vitro and
in vivo models have revealed that KO of EXTL3 results in the abolition of HS biosynthesis,
uncovering the crucial role of this enzyme in initiating the elongation of HS chains [30,35,36].
The regulatory activity of EXTL2 in this step stills raises significant doubt. EXTL2 is charac-
terised as an α1,4-N-acetylhexosaminyltransferase, displaying dual in vitro catalytic activ-
ity by adding both GlcNAc and GalNAc residues to linker mimetics. It has been demon-
strated that this glycosyltransferase cannot add GlcNAc residues to mature tetrasaccharide
linker substrates [33], however it exhibits significant N-acetylglucosamine-transferase ac-
tivity towards phosphorylated forms of the tetrasaccharide linker. By adding a GlcNAc
residue to immature linker structures (GlcAβ1–3Galβ1–3Galβ1-4Xyl(2-O-phosphate)-β1-
O-Ser), EXTL2 promotes the synthesis of phosphorylated pentasaccharides (GlcNAcα1-
4GlcUAβ1–3Galβ1–3Galβ1-4Xyl(2-O-phosphate)-β1-O-Ser) that neither EXT1 nor EXT2
can further polymerise, ultimately resulting in premature HS chains termination [37].
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This is in accordance with the increased HS content reported in EXTL2 KO cell models [30]
and EXTL2 deficient mice [37,38].

Once polymerised, HS chains are matured by HS modifying enzymes, including N-
Deacetylase/N-Sulfotransferases (NDST1-4), C5-epimerase and different Sulfotransferases
(2OST, 6OSTs, 3OSTs) and sulfatases (Sulf-1 and Sulf-2) [6,39]. HS chain features are not
directly encoded by the genome, showing a high level of heterogeneity and large structural
diversity in terms of monomer sequence, chain length and sulfation profile, all due to
post-translational modifications regulated in the Golgi [25]. Therefore, the resulting HS
chains are involved in multiple biological processes, varying over different organs [40,41],
stages of development [42–44] and pathologies [45,46]. HS chains sulfation and length
are crucial to the roles displayed by HSPGs, as these determine the binding affinity to the
respective targets. The HS sulfation degree, in particular, confers high negative charge
to GAGs, prompting HSPGs to interact, in a non-covalent ionic manner, with several
proteins [12].

3. Heparan Sulfate Biological Activities
3.1. In Physiology

HS are loaded with biological roles, as illustrated in Figure 2A. Acting as mediators
in a multitude of regulatory mechanisms, ranging from embryonic development to ECM
assembly and regulation of cell signalling [6,47,48]. HS interact with a plethora of molec-
ular partners, including soluble proteins (growth factors, morphogens and chemokines),
ECM proteins, bioactive fragments and membrane receptors, such as integrins and recep-
tor tyrosine kinase (RTKs). HS chains also promote pathogen attachment and invasion
of specific tissues by binding to numerous microorganisms, including viruses, bacteria,
parasites and fungi [2,5,49–51]. Moreover, HSPGs are expressed in all main organ systems
having essential roles in several biological activities like metabolism regulation, transcel-
lular transport, cellular communication, ECM support and modulation. The classical
role attributed to cell surface HSPGs was to assist as signalling co-receptor for growth
factors activity, allowing a correct presentation to their cognate receptors and helping to
stabilise gradients, to control the range of signalling and to protect the proteins against
degradation [1]. However, it has been increasingly accepted that besides these co-receptor
functions, HSPGs stand alone as key regulators of cell behaviour [52].

During embryonic development, HSPGs modulate the morphogen gradients distribu-
tion and other extracellular ligands signalling involved in the formation of the different
tissue architectures [53]. In this light, the particular interaction of HS with the Hedgehog
signalling pathway is very important to a proper embryonic development [54]. Similarly,
HSPGs, being the most abundant PGs in basal lamina and cell surface of skeletal muscle,
have been shown to regulate fibroblast growth factor (FGF), Wnt and bone morphogenetic
protein pathways, fundamental for the development of skeletal structures [55].

More recently, it was revealed that SDCs can regulate calcium channels of the TRPC
(transient receptor potential canonical) family, with functional consequences on the actin cy-
toskeleton, cell adhesion, junctions and migration. Moreover, this interaction was suggested
to be evolutionary conserved and relevant for the progression of some diseases [48,56].

HSPGs are also important modulators of metabolism, as illustrated by their role in the
liver mediated clearance of triglyceride-rich lipoproteins [57]. Additionally, several SDCs
and GPCs have been implicated in the uptake of different forms of lipoproteins [58–60].

Given the many essential cellular and developmental processes in which HS and
HSPGs are involved, it is expected that modifications in HSPG expression and structure
contribute to a dysregulation in function and lead to pathological scenarios, such as
cancer [12,17]. In Section 4, we address several cancer cellular features that are regulated
by changes in expression, glycosylation and sulfation profiles of HSPGs, which in turn
translate into cancer progression.
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Figure 2. Overview of heparan sulfate proteoglycans functions. (A) HSPGs roles in cellular activities, (B) HSPGs aberrant
expression and functional implications in cancer and (C) HSPGs biomedical potential as a biomarker and as a therapeutic
target regarding cancer improved diagnosis and prognosis.

3.2. In Inflammation

Inflammation represents a first line protection mechanism for any harmful stimuli.
Some of the major events during inflammation are regulated by HS, ranging from immune
cells recruitment, adhesion and rolling, to transmigration phenomena [61]. Changes in the
expression of HPSGs and HS differ depending on the type of inflammatory stimuli [62].
One of the main roles of HS and HSPGs is to drive the extravasation and migration of
inflammatory cells from the vasculature into tissues, where they establish and provide
cytokine gradients [63]. Moreover, HSPGs are involved in developing the basement mem-
brane barrier, providing a structure for epithelial support and regulating the transport
of solutes [61,64,65]. Perlecan, agrin and collagen XVIII in ECM and basement mem-
brane interact with matrix proteins, such as fibronectin and laminin, and provide support,
resistance to mechanical stress and filtration barrier properties [66]. Ultimately, HS chains
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of HSPGs bind to growth factors that are involved in tissue growth and repair, making
them available at sites of tissue remodelling [67].

3.3. In Host-Pathogen Interaction

HS chains provide the gateway for many microorganisms, ranging from normal
microbiota to various pathogenic bacteria, viruses and parasites, by mediating adherence
to the host cells. This is a crucial step for infection to occur and pathogens exploit the
host HSPGs to accomplish it and invade host cells. The previously described structural
diversity of the HSPGs offers multiple binding sites and the degree of variability within
tissues results in the tissue-specific tropism of some infectious agents [5,51,68,69].

Among the pathogens that bind to host HS chains are parasites like Plasmodium
falciparum [70]; bacteria, such as Escherichia coli [71], Pseudomonas aeruginosa [72], Borrelia
burgdorferi [73] or Mycobacterium tuberculosis [74]; and many viruses, amongst which are
found Human Papilloma virus, Herpes viruses and Human Immunodeficiency Virus-
1 [75,76]. In addition, recently it was reported that severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) entry in human cells is mediated through the binding to HS
chains in a length and sequence-dependent manner [49,77–80]. The interference with the
HS-mediated adhesion steps can represent an effective therapeutic approach for these
pathogens and can be achieved by the competition with HS mimetics and other highly
sulfated polysaccharides [81]. In addition, some pathogens can release GAGs from host
cell surfaces and ECM, and use these solubilised GAGs to coat their surface, deceiving and
eventually escaping immune detection [82].

4. Heparan Sulfate and Heparan Sulfate Proteoglycans Aberrant Expression in Cancer
4.1. Heparan Sulfate Changes in Cancer

Several hallmarks of cancer, such as continuous growth signalling, abrogation of apop-
tosis, deregulated metabolism, immune evasion and angiogenesis are boosted through
pathological alterations of normal physiological processes [83–85]. There is cumulative evi-
dence that changes in cellular glycosylation are concomitant with the acquisition of cellular
features involved in tumour growth and progression and ECM remodelling. The glycosyla-
tion alterations described in cancer include the expression of truncated O-glycan structures,
increased expression of branched N-glycans, de novo expression of sialylated glycans,
altered fucosylation and aberrant PGs expression and modification [86,87].

HS chains are key modulators of cancer cell proliferation events, intervening in
altered signalling by interacting with growth factor receptors, promoting their dimeri-
sation and consequent activation, leading to overstimulation of downstream signalling
cascades [88]. As an example, in multiple myeloma cells, SDC1 was shown to interact with
HGF via HS chains, promoting enhanced activation of Met and consequent activation of the
PI3K/protein kinase B and RAS-Raf MAPK pathways, which are related to cell prolifera-
tion and survival [89]. In addition, the activation of the Wnt/β-catenin cascade in multiple
myeloma is also promoted by HS chains of SDC1, leading to cancer cells proliferation [90].

Besides the altered expression of HSPGs, the abnormal activity of HS biosynthetic and
post-synthetic enzymatic machinery, which determines HS chains’ length, epimerisation,
acetylation and sulfation patterns, is also known as a major event behind HS deregulation
in cancer [91]. Comparative studies demonstrated that the expression of genes coding for
HS biosynthetic machinery is deregulated in several types of cancer, weighing on its role
in carcinogenic events [92]. In colorectal cancer, it was shown the aberrant expression of
enzymes that catalyse uronic acid structural changes (epimerisation and 2-O sulfation),
and enzymes that impact glucosamine residues sulfation pattern (NDST1 and 2, 6OST iso-
forms 3B, 5 and 6), depending on the anatomical location and the metastatic nature of
the tumours [93,94]. HS modifying enzymes were also shown to present deregulated
expression on breast cancer tissue samples [46]. As for glycoenzymes that intervene in HS
polymerisation, the analysis performed using estrogen receptor positive and triple negative
breast cancer cell lines revealed altered expression of EXT1, EXT2, EXTL2 and EXTL3 [95].
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HS 6-O-sulfation levels, determined by the expression of 6OSTs, have been reported as
critical for the activation of epidermal growth factor receptor (EGFR) by heparin biding-
EGF (HBEGF), and the consequent increase in the expression of angiogenic cytokines
on ovarian tumour cells [96]. In lung cancer, 3OST2 hypermethylation and consequent
deregulation, was associated with lung tumourigenesis and poor overall patient survival,
possibly resulting from the altered HSPGs ability to interact with proteins participating in
cell growth and adhesion [97]. Likewise, the hypermethylation in HS 6-O-endosulfatase
Sulf-1 promoter region downregulates its expression in gastric cancer cell lines and tissue
samples [98], and the decreased levels of HS 6-O-endosulfatase associate with gastric
cancer progression [99]. Conversely, the sulfatase Sulf-2 is described to be overexpressed in
hepatocellular carcinomas and associated with worse prognosis [100].

Heparanase (HPSE), a β-D-endoglucuronidase, is the only mammalian enzyme
known to cleave HS and is one of the most studied glycosylation-related enzymes in
cancer [101,102]. This enzyme is known to be a tumour inducer acting in several sig-
nalling pathways modulating angiogenesis, cell proliferation, migration and metasta-
sis [103–105]. HER2- and EGFR-positive breast cancer cells resistant to lapatinib, a tyrosine
kinase inhibitor that blocks the activation of the EGFR and HER2 pathways, revealed
increased activity of HPSE. This feature was associated with enhanced activation of
EGFR, FAK and ERK1/2 signalling pathways and subsequent cell growth. HPSE in-
hibition, was shown to sensitise these cells to lapatinib and inhibit formation of brain
metastases [106]. More recently, vascular endothelial growth factor receptor 3 (VEGFR3)-
expressing macrophages and cathepsin release, both playing a significant role in metastasis
formation in chemotherapy-treated tumours, were found to promote lymph angiogen-
esis as a result of VEGF-C upregulation by HPSE [107]. Autophagy is another cellular
attribute modulated by HPSE. This catabolic pathway maintains homeostasis in normal
cells, while it is completely hijacked in several tumours, promoting cancer cell survival.
Autophagy induced by lysosomal HPSE has been shown to enhance tumour develop-
ment and chemoresistance [108–110]. Although HPSE activity has been mainly described
extracellularly or within the cytoplasm, nuclear HPSE has also been reported [111–113].
In melanoma, nuclear HPSE was shown to suppress tumour progression by competing
for DNA binding and inhibiting the transcription of genes, such as those coding for ECM-
degrading enzymes that promote metastasis formation [112]. In multiple myeloma disease
context, HSPE was recently associated with chromatin opening and transcriptional activity
concomitant with downregulation of PTEN tumour suppressor activity [111]. Also sup-
porting the role of HPSE in tumour progression and metastasis formation, HPSE has
been shown to promote EV secretion by tumour cells, affecting its protein cargo [114,115],
and modulating HS structure on recipient cells to facilitate EVs internalisation [9,115,116].

4.2. Role of Heparan Sulfate and Heparan Sulfate Proteoglycans in Cancer Cellular Features and
Extracellular Matrix Remodelling

Cancer cells undergo relevant morphological changes, such as the epithelial to mes-
enchymal transition (EMT), to increase motility capacity. HS chains play a key role in this
transition, due to their binding affinity to key growth factors secreted into the tumour
microenvironment [117,118]. Particularly, upregulation of SDC4, in lung adenocarcinoma,
was shown to stimulate cell’s migration and invasion via TGF-β1, accompanied by induc-
tion of EMT [119]. Cell proliferation is also a crucial characteristic of malignant transfor-
mation. The HSPGs GPC1 and SDC1, overexpressed in a high percentage of breast cancer
pathologies, enhance the mitogen effects associated with heparin-binding growth factors
like Basic Fibroblast Growth Factor (FGF2), HBEGF and Hepatocyte growth factor (HGF),
promoting cell proliferation [120]. Some studies have shown that HS and HSPGs can
translocate to the nucleus and contribute to gene expression regulation [121,122]. Although
the role of nuclear HSPGs is still not fully uncovered, another important role of nuclear
HSPGs is the translocation of specific cargo to the nucleus. Nuclear translocation of SDC1
was shown to regulate tumour signalling by shuttling growth factors to the nucleus and by
altering histone acetylation [123].
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Tumour progression is accompanied by the development of new blood vessels [124].
HS chains, by binding to angiogenic growth factors, namely, FGFs, platelet-derived growth
factors and VEGFs, dictate HSPGs relevant roles in angiogenesis [91,125,126]. It has been
shown that HS presence on endothelial-cells’ surface can serve as a binding site for the
potent antiangiogenic factor endostatin. Several studies have indicated that the HS binding
site for endostatin is distinct from that of pro-angiogenic factors, such as FGF. This raises
the possibility that endothelial cells modulate their HS cell-surface profile to become either
more or less sensitive to angiogenic signals from a growing tumour [127]. As referred
earlier, SDC1 overexpression in multiple myeloma was also shown to promote angiogenesis
by its ability to physically interact with VEGFR2 and prevent the receptor recycling [128].
Perlecan is also an important player in angiogenesis, since its expression is abnormally
high in the basement membranes of highly metastatic human melanoma tumour cells [129],
promoting the binding of pro-angiogenic FGF2 to its receptors, and consequently increasing
angiogenesis [130]. In addition, SDC3 expression is positively associated with angiogenesis
in neuronal and brain tissues [131,132].

Beyond the structural modifications of HS and pattern of sulfation, mentioned in
Section 4.1, alterations in the HS levels can compromise the stiffness of the ECM, thus mod-
ulating cell adhesion and migration. A steady ECM does not offer the best conditions
for cell migration, preventing or delaying cell motility. In this light, the ability of cancer
cells to invade the surrounding tissues is modulated by changes in the expression of HS
and HSPGs, which mediate several events of cell-matrix interaction, and the secretion of
HPSE and metalloproteinases that allow cells to penetrate the basement membrane and
ECM to invade surrounding tissues [118,133,134]. In hepatocellular carcinoma, SDC1 and
SDC4 are key for migration, invasion and increased motility mediated by chemokine-SDC
interactions [135]. SDC1 abnormal expression, for example, is determinant in tumour
cell growth, invasion and migration in different types of cancer, such as colorectal, gall-
bladder and oesophageal carcinomas [136–139]. SDC2 overexpression in breast [133,140],
colon [141] and pancreatic [142] tumour cells, is associated with altered cell morphology,
focal adhesion formation, spreading, enhanced migration and invasion capabilities, and
overall to a more aggressive tumour cell behaviour and disease progression [143]. GPCs are
also frequently reported to play a part in cancer progression. GPC1, for instance, when up-
regulated, increases tumour angiogenesis and metastasis in pancreatic cancer [144,145].
In addition, GPC1 modulates heparin-binding growth factors and plays a role in tumour
progression in breast cancer [46,120]. In esophageal squamous cell carcinoma and glioblas-
tomas, GPC1 is also upregulated and associated with tumour angiogenesis and patients’
poor prognosis [146–148]. GPC3 is overexpressed in hepatocellular carcinomas tissues [149],
and associates with higher invasion and migration [150]. Similar to GPC1, an increased
expression of GPC6 has been reported in breast cancer. GPC6 overexpression stimulates
cancer invasion through NFAT (nuclear factor of activated T-cells) signalling pathway–
previously reported as an inducer of pro-invasion and migration gene expression [151].

Cancer cells ability to penetrate blood vessels is preponderant for metastatic spread
and is followed by circulation through the intravascular stream and establishment in other
sites [152]. During the process of metastasis formation, the reorganisation of HSPGs in
the ECM, creates an opportunity for new partners to bind to tumour stroma. This process
also involves interactions between cancer cells and platelets, endothelial cells and host
organ cells, being HS implicated in the formation of tumour metastasis in sites, such as
the liver, lungs or spleen [91,153]. Moreover, SDC1 expression was shown to decrease in
hepatocellular [154] and colorectal [155] carcinomas, resulting in more invasive phenotypes,
with higher metastatic potential.

HS can also contribute for the immune system deceiving to either disregard or promote
the tumour growth [156]. In breast cancer for example, SDC1 has been suggested to act
both as a regulator of cancer stem cell (CSC) phenotype and as a modulator of lymphocytes,
in particular of T helper cells, depending on the subtype of the disease [157].
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A schematic representation of HSPG functional implications in cancer progression
and their clinical potential is illustrated in Figure 2B,C.

4.3. Heparan Sulfate Roles in Cancer Intercellular Communication

Cancer cells communication within the tumour microenvironment is key to defeat
stromal challenges, settle and colonise distant sites, leading to metastasis. Despite being
the main cause of cancer therapy failure and responsible for the greatest number of cancer-
related deaths, metastasis remains poorly understood [158]. It is widely recognised that
the process of cancer cell systemic circulation and the development of metastasis requires
the participation of several glycoconjugates [86,159].

For years, EVs were thought to be a reservoir of cells undesired material. However,
in the last two decades, they have emerged as main players in cellular communica-
tion [160,161]. EVs are delimited by a lipid-bilayer and can be classified into different
classes, including exosomes, microvesicles and apoptotic bodies. Briefly, EVs are secreted
to the environment by all cells and carry bioactive cargo that deliver signals and induce
several pathophysiological events in the ECM and recipient cells [162,163]. Regarding
cancer, EVs have been demonstrated as important signalling nanoparticles in pre-metastatic
niche definition and metastasis [164,165].

The EV cargo includes nucleic acids, proteins, lipids and metabolites [166]. Although
several seminal studies have addressed in detail the lipid, protein and nucleic acid con-
tents of EVs, the glycans, and particularly GAGs, remain poorly characterised. However,
their biological importance is emerging [160,167,168].

Importantly, HSPGs have been described as key regulators of EVs biogenesis
(Figure 3) [162,169]. The biogenesis of EVs depends on the small intracellular adaptor
syntenin [170], its interaction with SDC [169] and the endosomal-sorting complex required
for transport accessory component ALIX [171–173]. Moreover, HPSE can stimulate in-
traluminal budding of SDC-syntenin-ALIX complex promoting EVs secretion [174–176].
Recently, it was described that tetraspanin-6 (TSPN6) may act as a negative regulator of
exosomes release through the promotion of SDC4 and syntenin degradation. This interac-
tion highlights the importance of the interplay between these membrane glycoproteins to
produce exosomes [10].

Furthermore, it has been demonstrated that HSPGs, namely, SDCs and GPCs, are criti-
cal internalising receptors of cancer cell-derived EVs and determine their functional activity
(Figure 3) [116,160]. Very recently, it was shown that under hypoxia stress, the uptake of
EVs is upregulated, through a mechanism dependent on HSPG receptors and lipid raft
mediated endocytosis [177].

EVs exhibit several distinctive features, from a longer half-life provided by increased
resistance to degradation, therefore offering their cargo a higher stability, to the ability
of travelling long distances. Furthermore, EVs can carry multiple cargo possibilities
and also exhibit a unique interactive surface area [178], which may establish contact
with both cells and components in the ECM microenvironment [179]. HSPGs are herein
important mediators with several functions from EV secretion and trafficking to their
uptake [60,116,180].

Taking together glycan and EVs functional relevance in cancer development, it is
not surprising that glycans in EVs have been implicated in cancer cells proliferation,
angiogenesis, therapeutic resistance [181], control of metabolic activity, and immune system
evasion mechanisms [160].
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Figure 3. Heparan sulfate proteoglycans regulate EV biogenesis and uptake. (1) Cell surface HSPGs can bind multiple
ligands through their GAG chains [9]. GAGs can be modified by heparanase activity [174]. (2) Syndecan is internalised
through endocytosis process, leaving the cytosolic domain clear for syntenin and Alix proteins binding [160,171]. The early
endosomes generate the MVBs by inward budding of theirmembrane. (3) EVs, particularly those enriched in tetraspanin-6
(TSPN6), can end on lysosome [10] (4) with consequently degradation of their content. (5) Alternatively, EVs generated
inside of the MVBs can be expelled from the secreting cell, through exocytosis. (6) After fusion with cellular membrane EVs
are released to the extracellular milieu. (7) HSPGs, and specifically GAGs, are important receptors of the cell membrane-EV
surface cluster and are directly involved in EV uptake by recipient cell [116]. (8) After, the complex is internalised by the
recipient cell. (9) EV-endosome membrane fusion occurs, and EV content is released to cytoplasmic compartment of the
recipient cell, and new biological information is transferred [162].
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4.4. Impact of Heparan Sulfate in Cancer Cell Resistance to Therapy

Cancer treatment relies upon four main approaches: surgery, radiation therapy,
chemotherapy and immunotherapy. Some individuals will only require one treatment,
but most often, a combination of treatments is used to tackle the resistant nature of cancer.
Surgery can be used for solid tumours that are located in reachable areas of the body.
Nevertheless, many cancers are metastatic or have a high risk for metastasis formation,
implying the use of more aggressive treatments, such as radiotherapy and chemother-
apy [182].

A great body of evidence indicates that tumour sensitivity to drug treatment is af-
fected by glycosylation, particularly by altered expression of cell-surface HSPGs and/or
HPSE [17,87]. GPCs and SDCs are usually implicated in chemo-resistance. GPC3 over-
expression has been described to lead to a decrease in the accumulation of drugs as-
sociated with atypical multidrug resistance in gastric cancer [183], and high levels of
GPC1 expression in patients with oesophageal squamous cell carcinoma are related to
chemo-resistance [146]. As previously mentioned, SDC1 overexpression correlates with
a malignant phenotype and, in addition, it is also implicated in resistance to cytotoxic or
targeted therapeutics in breast cancer and multiple myeloma [157,184–188]. SDC1 levels in
pre-chemotherapy breast cancer biopsies correlate with decreased response to treatment
with cyclophosphamide and epirubicin [189]. Additionally, the sensitivity of breast cancer
cells to trastuzumab is associated with the availability of HS chains on the cell surface and
their ability to elicit the antibody response by forming a ternary complex with trastuzumab
and HER2 [190].

Cancer cells resistance occurs not only to chemo, but also to radiotherapy. For exam-
ple, in pancreatic cancer, HPSE was found to be overexpressed throughout the process
of ionising radiotherapy, resulting from the downregulation of the transcription factor
EGR1, which leads to the upregulation of HPSE and promotes tumour cells invasion [191].
In cervical cancer, HPSE expression was shown to enhance angiogenesis and radiation
resistance through the hypoxia-inducible factor 1 (HIF1) pathway [192]. In addition, the in-
terplay between SDC1 and HPSE, through indirect stimulation of HSPG shedding by
metalloproteinases, and consequent activation of HS-binding growth factor signalling,
was suggested to associate with colorectal cancer cells resistance to chemotherapy [193].
Clinical drugs used for myeloma showed to induce SDC1 shedding, due to the upreg-
ulation of HPSE expression. Then, HPSE can be internalised by both tumour cells and
macrophages, promoting the transcription of pro-tumourigenic genes. This paradox effect
leads to tumour recurrence by recreating a new cancer microenvironment, which induces
chemo-resistance [188,194]. On the other hand, as referred to in Section 4.1, HPSE can
modulate EVs cargo and enhance its secretion. In breast cancer models, it was shown that
in a chemotherapy context, the production of EVs is increased, with upregulation of the
levels of annexin A6 and promotion of metastasis [195].

It is important to note that several enzymes are involved in GAGs remodelling, and al-
terations on their activity can lead to the activation of compensatory routes. The variable
levels of HS, CS/DS and HA over each other can lead to unusual GAG profiles, which need
to be considered when a GAG-target therapeutic approach is being evaluated, since these
biomolecules compete for some common substrates. [196].

5. Heparan Sulfate Clinical Applications–Recent Advances
5.1. Adding Heparan Sulfate to the Equation

The knowledge of the molecular mechanism underlying cancer biology has mightily
increased over the last 30 years. The current challenge is to translate this information into
benefits for patient care and to convert the new molecular information into therapy and
better non-invasive biomarkers.

One of the most obvious cancer-related challenges is the heterogeneity in cancer
biology [197]. Again, the challenge is the molecular and cellular heterogeneity of a single
tumour, and among tumours from different patients, resulting in the very difficult task
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to design and select effective therapies without promoting treatment resistance [198,199].
Hereupon, targeting HSPGs and enzymes involved in HS chain editing, as a new anticancer
strategy, seems to be a sweet spot of opportunity to deal with these challenges (Figure 2C).

Several different therapies using GAG-based strategies have been reported, and a
few HS-specific treatments are on clinical trials [200]. Many new approaches to cancer
treatment are emerging, and targeting HS constitutes a novel promising strategy for cancer
clinical management [102,201]. These strategies include inhibition of tumour invasion
and metastasis using non-anti-coagulant low-molecular-weight heparin (LMWH) ana-
logues and inhibition of tumour progression using HS-mimetics. In animal cancer models,
LMWHs were shown to inhibit metastases, diminish primary tumours and increase sur-
vival. However, pre-clinical studies have conflicting findings showing an absence of efficacy
in reducing disease progression [202].

Likewise, the HPSE contribution to immune regulation is raising clinical interest.
Among HS modifying enzymes, HPSE is definitely one of the most investigated as a
cancer drug target [105,175,185,188,203,204]. Early observations of the powerful HPSE
inhibitory activity of heparin lead the way for the screening of heparin/HS mimetics as
HPSE inhibitors [102,205–208].

Noteworthy, substantial research has been devoted to elucidating the roles that EVs
play in the regulation of both normal and pathological processes, and recently multiple
studies have demonstrated their potential as a source of cancer biomarkers referred to as
“liquid biopsies” [160,209]. Biomarkers for early detection of cancer are essential to improve
patients’ clinical management. Based on several reports showing proof-of-concept results
for EV-associated pancreatic cancer biomarkers, GPC1 was the first candidate to enter clini-
cal trials, aiming to evaluate its performance as a biomarker [210]. Consequently, various
EV-associated biomarkers have been reported for early detection, diagnosis, treatment
monitoring, metastasis burden, prediction and prognosis in cancer patients [211].

Along the next sections, we present some representative examples of HS-related
mimetics, therapeutic targets, and biomarkers recently studied, under clinical trials evalua-
tion or already introduced in medical practice.

5.2. Heparan Sulfate-Based Therapeutic Opportunities

Based on promising preclinical data, some HS-based therapies are currently under
clinical investigation although none was yet approved [212–214]. Difficulties in interpreting
data with HS mimetics are mainly due to their pleiotropic effects [160,206,207].

Currently, leukocyte-based anticancer therapies like Chimeric Antigen Receptor-T
(CAR-T) cell therapy, dendritic cell vaccines and viral-therapeutic delivery exploiting
HPSE are being developed [102,215]. HPSE is able to change the function of HSPGs
in the tumour microenvironment and is a regulator of several cancer hallmarks [216],
namely, angiogenesis and the development of metastasis [105,217]. So, targeting HPSE and
modulating its activity is a very valuable strategy to overcome several cancer features and
improve disease outcome [102,218].

Another possible opportunity for intervention could be the use of the endostatin
domain of collagen XVIII. Endostatin exerts an efficient inhibitory effect on tumour angio-
genesis and growth [219,220]. Gastric cancer patients with subsequent liver metastasis are
extensively studied, and several phase II clinical trials are using recombinant endostatin
(either alone or combined with other drugs) as an anti-tumour agent [221–223]. In addition,
the effect of endostatin in advanced well-differentiated pancreatic neuroendocrine tumours
is being tested [224].

Synthetic peptides that interfere with the interaction between HS and its binding
partners, also represent an appealing alternative [225]. This approach allows a specific
blocking of interaction with the growth factors, acting on particular pathways. Furthermore,
a large number of small molecules can also regulate glycosylation by modulating glyco-
syltransferases and glycosidases activity [218,226] and are emerging as new therapeutic
strategies [226–228].
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Recently, another class of enzymes have been capturing attention: the 3-O-sulfotransferases
(3OSTs). These enzymes produce a rare HS modification, glucosaminyl-3-O sulfation,
which affects the selective binding of several ligands. Interestingly, these enzymes can
either act as pro or anti-tumourigenic according to the cellular specific context [229,230].
An important challenge in this field is to determine how the HS glycan sequence and
sulfation pattern drive ligand binding specificity.

Furthermore, the development of specific HSPG targeted therapeutic approaches is
also being studied. Antibody-targeting of SDC1 has been used alone or combined with
chemotherapy to treat multiple myeloma [231], and a clinical trial using CAR-T cells
recognising SDC1 suggests that the treatment is safe, well-tolerable and has potential
antitumour activity [232]. In the same line, in hepatocellular carcinoma, the strategies of
immunotoxin and CAR-T cells against GPC3 are showing promising results and are under
clinical trials [233–235].

5.3. Heparan Sulfate Mimetics Development and Clinical Trials

5.3.1. Heparan Sulfate Mimetics Rational

Heparin derivatives and HS mimetics are drawing great attention for developing new
therapeutics for diverse diseases, from inflammation to neurodegenerative disorders and
cancer [207]. HS mimetics overcome a problem known for more than half a century in
Medicine related to heparin use. Heparin is an anticoagulant drug which has been widely
used and remains one of the main drugs for prophylaxis and treatment of thrombosis [236].
Thrombosis is a common complication of cancer patients. The use of heparin has improved
the survival rate of cancer patients [237]. The functional roles of heparin seem far more
than anticoagulation, since a number of additional beneficial effects have been observed
for heparin in other diseases than thrombosis [238]. However, heparin is an animal-
derived heterogeneous polysaccharide, therefore the potential risk of contamination and
its complicated molecular structure restrict its use. Therefore, and taking in consideration
the high structural similarities between heparin and HS, it was tested whether heparin
interferes with HS interactions with its ligands mainly through the hamper of angiogenic
growth factors, like VEGF and FGF, selectins, and HPSE [239,240]. Indeed, in vitro analyses
have shown that heparin is able to inhibit HPSE activity [240]. Since it is important to
restrict heparin anticoagulant activity, due to haemorrhagic issues, efforts were made to
eliminate the anticoagulation activity by chemical modification.

Roneparstat (SST0001) was the first synthetic product based on this premise. SST0001
is a 100% N-acetylated and glycol split heparin synthetic molecule [241]. The SST0001
HPSE inhibitory effect was confirmed on myeloma cell growth, and therefore, it is being
evaluated for the treatment of multiple myeloma [242].

The principle of using HS mimetics is to interfere with the interactions between HS
and its molecular partners (Figure 2C). There are two types of HS mimetics: (1) Synthetic
saccharide-based HS assembled from a backbone sugar structure; and (2) non-sugar scaf-
fold negatively charged with sulfates, sulfonates, carboxylates and/or phosphates [205].
SST0001 and other HS-mimicking compounds main attribution is to inhibit HPSE and com-
pete for HS binding with several growth factors, having impact on cancer by preventing
angiogenic and metastatic events [218,243]. In summary, HS mimetics have been shown to
enhance antitumour effects, particularly when combined with standard therapies.

5.3.2. Promising Heparan Sulfate Mimicking Molecules

The most promissory HS mimetics that are on clinical trials are: Highly sulfated phos-
phosulfomannan muparfostat (PI-88) [244], 2,3-O-desulfated heparin CX-01 (ODSH) [245],
SST0001 [246] and pixatimod (PG545) [214]. The latter was selected from oligosaccha-
ridic HS mimetics of the PG500 series as the best candidate regarding cancer treatment
applications [247].

PI-88 is an HPSE inhibitor and also an antagonist of HS-protein interactions. Struc-
turally it is a phospho-mannopentaose obtained through a process of sulfation of a phospho-
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mannan complex produced by yeasts [243,248]. It was the first one entering clinical trials
and, generally, phase I/II studies demonstrated a satisfactory pharmacodynamic profile of
this mimetic that was also considered safe and well-tolerated, showing minor anticoagulant
effects. As main results, PI-88 has proven to be a suitable candidate as an adjuvant for
postsurgical hepatocellular carcinoma in phase II clinical trials [249,250]. Subsequently,
it reached Phase III in clinical trials regarding large series of liver cancer patients after
hepatectomy. In fact, it is currently waiting for approval to enter routine clinical use [250].
Patients with advanced melanoma were recruited for a Phase I and Phase III clinical trials
and PI-88 activity was beneficial [251]. Overall, PI-88 showed encouraging results for
melanoma, multiple myeloma, prostate and lung cancer treatment [205].

CX-01 is a low anticoagulant 2-O, 3-O desulfated heparin derived from porcine in-
testinal heparin retaining many anti-inflammatory properties. It has been shown to have
a particular potential for acute myeloid leukaemia (AML) treatment [245]. This molecule
inhibits leukemic stem cells to concentrate on the bone marrow, therefore enhancing
chemotherapy treatments. CX-01 specifically binds chemokine platelet factor 4 (PF4),
which is responsible for the negative regulation of megakaryopoiesis [252]. Therefore,
by interfering with this process, CX-01 is able to diminish chemotherapy-induced thrombo-
cytopenia. Phase I clinical trial on AML patients demonstrated CX-01 to be well-tolerated
and more recently, it entered Phase II and showed promising results in combination with
the standard chemotherapy treatment [253].

Preclinical models with SST0001 shown the effective inhibition of myeloma growth
in vivo [242]. SST0001 progressed to a Phase I open-label clinical trial design to assess the
safety and tolerability profile of this compound in patients with multiple myeloma [254].
Recently, SST0001 was advised for Phase II evaluation [254].

The HS-mimicking molecule with the best clinical evaluation so far is PG545 [255].
PG545 is a fully sulfated glucopyranose tetrasaccharide particularly designed with a
hydrophobic 3-cholestanyl group [247,255]. The novel characteristic of this molecule is
the stimulation of innate immune cell response to tumours. This stimulation is done
via activation of natural killer cells [256]. Clinical trials proved PG545 as a satisfactory
alternative in patients with advanced solid malignancies in which standard therapies
failed [247]. Currently, PG545 is also being investigated as a potential inhibitor of the
SARS-CoV-2 [257].

In addition to the role of HS as an emerging class of molecules for therapeutic strate-
gies, HS glycan chains also constitute important cellular markers. These properties make
HS important targets for vaccines development strategies [258].

5.4. Current Heparan Sulfate-Based Biomarkers Landscape

New biomarkers to improve cancer diagnosis are needed, thus improving patient
outcomes. In contrast to RNA, DNA and protein synthesis, HS biosynthesis is not a
template-driven process. Instead, as mentioned previously, HS are assembled by the activity
of a series of enzymes–turning this biosynthetic pathway into a source of very distinct
and specific modifications with diverse applications. The type of HSPG glycosylation
was shown to affect the ability of immune cells to infiltrate tumour tissues and engage in
the immune response [259]. In addition to the critical roles in multiple aspects of tumour
biology, described in the previous sections, HSPGs also have value for clinical diagnosis
and prognosis in various cancer types. The alteration of GAG abundances is reflected in
body fluids (like blood and/or urine), and the HS levels in plasma can, therefore, predict
patient’s prognosis [260]. For all these attributes, HS and HSPGs are promising new
biomarkers in cancer since their recognition by other molecules is based in high affinity
and exquisite specificity. It is imperative to discriminate among related isomers the specific
glycan-binding partner. The development of more sophisticated equipment and techniques
have been critical to surpass these limitations. Recently, using Raman micro-spectroscopy it
was possible to determine unique and discrete HS profiles of individual live cells, which can
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be of value for clinical screening purposes. This method can be utilised for identifying
specific molecular signatures of HS and HSPGs as markers of cancer [261].

GPCs have been receiving great attention from the research community as promising
biomarkers [262]. GPC1 is overexpressed in several cancer types [263,264]. GPC1 can be de-
tected in the urine of prostate cancer patients [265]. Further, GPC1 was shown to associate
with the dissemination levels of glioblastoma [148]. The abundance of GPC1 also positively
correlates with disease severity of pancreatic cancer patients, independently on surgical
treatment, suggesting that GPC1 is a surgery-independent diagnostic biomarker [263,266].
Recently, GPC3 was pointed as a promising candidate for hepatocellular carcinoma diag-
nosis and immunotherapy, as previously described [267]. Similarly, GPC6 was identified
as a putative biomarker for the metastatic progression of cutaneous melanoma, since it is
possible to track higher levels of GPC6 in melanoma samples when compared with normal
melanocytes [268].

The biological features of EVs, such as long half-life and physical resistance properties,
make EVs a unique source of biomarkers [167]. Particularly, the identification of specific
PGs in EVs secreted by cancer cells has demonstrated their potential as biomarkers for
minimally invasive diagnosis. Two important examples are GPC1 in pancreatic cancer [266]
and SDC1 in glioma [269]. Both HSPGs were detected in EVs isolated from patients’ plasma,
supporting the concept of a minimally invasive biomarker for patients’ stratification.
GPC1 was proven to distinguish healthy individuals and patients with a benign pancreatic
disease from patients with early- and late-stage pancreatic cancer. Moreover, GPC1-positive
EV levels correlated with tumour burden and the patients’ survival and were shown
as a prognostic marker superior to CA 19-9, the serum biomarker currently employed
in pancreatic cancer screening [266]. SDC1 was shown to discriminate between high-
grade glioblastoma multiforme and low-grade glioma, and therefore, with the potential
to improve the management of brain tumour patients that present high risk of surgery-
associated complications [269].

The recent development of EV analysis platforms based on microfluidics technologies
holds promise for the development of high sensitivity and high-throughput assays of EVs
analysis with clinical diagnosis purpose [270].

6. Conclusions and Future Challenges

The emerging HSPGs biological functions have largely surpassed their classical role
as cellular co-receptors and have highlighted HSPGs as main maestros of cancer cell
communication and ECM structuring. The HSPGs cellular interactome is vast and is fine-
tuned by the biochemical and structural features of the HS chains. HS lack a template for its
biosynthesis, and their structural features result from the dynamic cellular GAGosylation
pathways that include the sequential, and in some cases competitive, action of specific
enzymes, which may associate to form supramolecular complexes [25]. The structural
efforts to produce chemically defined HS oligosaccharides [271] have been crucial for the
identification of the molecular determinants of enzymatic activity. However, we are still far
from fully understanding the complete regulation of HS structural and functional diversity
in health and particularly in cancer.

The recent developments in glycosaminoglycanomics, namely, on the analytical tech-
niques for GAGs profiling in cells and clinical samples (tissues and biological fluids),
together with the establishment of computational tools for mining GAG-protein interac-
tions and creation of databases, are contributing to significantly improve the knowledge
on the human glycosaminoglycome [19,272]. Moreover, the integration of HS structural
features and expression with proteomic and transcriptomic analysis will be crucial for
further elucidating HS-ligand interactions and unravel HS structure features associated
with specific biological functions [273]. Particularly relevant would be the integration of
data on relative abundance and structural features of HS for the definition of cancer-specific
profiles. Therefore, it is important to apply the most recent GAG analytical approaches to
well characterised clinical samples to identify HS signatures that are cancer-specific. To suc-
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cessfully achieve this aim, it is key to incorporate also knowledge on the dysregulation of
HS biosynthetic and post-synthetic modification pathways, as well as on the functional
redundancy of different PG core protein families in cancer.

The multidimensional roles of HS and HSPGs in different steps of cancer progres-
sion have propelled the development of HS-targeted strategies for cancer diagnosis and
treatment [200]. Indeed, in this new period of precision oncology, HS GAGs are currently
(un)expectedly emerging as allies to improve cancer clinical management by their potential
to detect cancer in early stages, allowing an accurate diagnosis, disease monitoring, patients
stratification and improve prognosis.

The HSPGs role in regulating EV release, cargo and uptake is well defined [160], but the
implications of altered PG expression and glycosylation features in EV biodistribution and
metastasis tropism remain to be discovered. It has become highly relevant to understand
the impact of HSPG remodelling, both at the level of the glycan structures and core
protein expression, in cancer EV-mediated signalling. Understanding the glycosylation
modifications involved in EV-cell interaction and cellular uptake is of major relevance
for developing therapeutic approaches targeting EV-HSPG interactions as novel cancer
treatment strategies.
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Abstract: Cardiovascular diseases are a group of disorders caused by the presence of a combination
of risk factors, such as tobacco use, unhealthy diet and obesity, physical inactivity, etc., which cause
the modification of the composition of the vessel’s matrix and lead to the alteration of blood flow,
matched with an inflammation condition. Nevertheless, it is not clear if the inflammation is a
permissive condition or a consequent one. In order to investigate the effect of inflammation on the
onset of vascular disease, we treated endothelial cells with the cytokine TNF-α that is increased in
obese patients and is reported to induce cardiometabolic diseases. The inflammation induced a large
change in the extracellular matrix, increasing the pericellular hyaluronan and altering the heparan
sulfate Syndecans sets, which seems to be related to layer permeability but does not influence cell
proliferation or migration nor induce blood cell recruitment or activation.

Keywords: heparan sulfate; inflammation; Syndecans

1. Introduction

Cardiovascular diseases (CVD) are a group of pathologies of the vascular system that
are growing in number and that usually present a build-up of fatty deposits inside the
arteries (atherosclerosis) and an increased risk of blood clots and can also be associated with
damage to arteries in organs such as the brain, heart, kidneys, and eyes. CVD are triggered
by several risk factors, ranging from pathologies such as diabetes, hypercholesterolemia,
and metabolic syndrome, to unhealthy habits, e.g., inactivity, smoking, and excessive
alcohol. Apart from the medical advice that may include changing lifestyle and diet, the
only medical treatment that can help decrease the risk is lowering cholesterol levels and
controlling blood pressure and coagulation [1,2]. Despite the high numbers of data about
CVD, the exact timing and molecular mechanism at the basis of the pathologies are still
unclear, even though they are all inflammation related [3,4]. Some authors proposed that
some of the risk factors lead to qualitative changes in the endothelium such as changes
in permeability and increase in adhesion molecules expression that attract leucocytes
(“response of injury” hypothesis) [5,6], which, in turn, cause the inflammatory condition.
Moreover, the localized inflammation causes the thickening of the arterial wall due to
the increased deposition of extracellular matrix (ECM) and the newly formed ECM traps
lipoprotein and inflammatory/growth factors from the circulation within the vessel wall [3].

In obese patients, the endothelium is characterized by dysfunction associated with a
condition of vascular low-grade inflammation in which an excess of TNF-α (tumor necrosis
factor) is generated either in small vessels or within the perivascular adipose tissue [2].
TNF-α has also an effect on the release of nitric oxide (NO), which is produced to regulate
vascular tone, cardiac contractility, and vascular remodeling [7].
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The endothelial layer is composed of several components, the major ones including
fibrous proteins such as collagen, fibronectin, elastin, laminin, and glycosaminoglycans
(GAGs) chains such as hyaluronan (HA) or proteoglycans (PGs). The PGs and GAGs fill the
interstitial space of tissues left free from fibrous protein, forming a well-organized network
conferring tissue hydration [8] as well as function as co-receptors and therefore regulating
their activity and that of growth factors and cytokines [1,9]. Both HA and heparan sulfate
(HS) GAGs are pivotal in the maintenance of endothelial function, and their removal causes
a loss of barrier properties comparable to an inflammatory condition [10]; moreover, several
data pointed out the Syndecan family of HSPG as central in the endothelium behavior [11].
Syndecans are a family of four transmembrane HSPGs that are expressed in a cell-type-
specific manner [11]; Syndecan-1 is present during development and in adult endothelium
and cancer cells; Syndecan-2 is expressed in liver, mesenchymal tissue, and neuronal
cells; Syndecan-3 is a neuronal type; and Syndecan-4 is ubiquitously distributed [12,13].
The complex mechanism of biosynthesis and modification of the HS chains generate
a variability in N-sulfation levels along the polysaccharides. EXT1 and EXT2 are the
polymerizing enzymes, while glucosaminyl N-deacetylase/N-sulfotransferase (NDST) is
the first modification enzyme that starts to work on the growing heparan sulfate (HS)
polysaccharide chain. This enzyme defines the sulphation pattern, which will determine
the ability of the HS chain to interact with target molecules [14]. Moreover, the NDST1
has the capacity to bind to EXT2, and EXT1 and EXT2 expressions affect the N-sulfation
degree, hinting that the overexpression of all the three enzymes happens simultaneously.
The subsequent sulfations occur on the growing chains [15]; it is noteworthy that although
there is only a single 2-O-sulfotransferase, there are three 6-O-sulfotransferases (6OST1-
3) and seven 3-O-sulfotransferases [16], indicating the great importance of the sulfation
pattern on the growth factor binding ability of the HS chains [17]. It produces regions
rich in N-acetylated residue (GlcA and GlcNAc) called NA domain, regions rich in N-
sulfated residue (IdoA and GlcNS derivates) called NS domain, and sequences that contain
alternation of NA and NS. The ligands binding mainly depend upon the distribution of
these domains [18,19]. The synthetic GAG machinery can be altered by several events,
including the changes in PG core proteins expression or UDP-sugars transporters [20].

A preliminary clinical study in patients with resistant arterial hypertension (CVD
risk factor) indicates high Syndecan-4 level as a potential marker for endothelial dys-
function [21]; moreover, the same HSPG has also been shown to regulate focal adhesions
junctions, demonstrating the properties of a mechano-transducer effector [22], and im-
portantly, its fragments generated following thrombin cleavage can modulate changes in
endothelial barrier resistance [23]. Since one of the major events in atherosclerosis onset
is the accumulation in the sub-endothelium of lipids driven by the lipoprotein LDL, the
passage of such particles through the endothelial barrier is a critical step. Nevertheless,
despite the many studies underscoring the relevance of plasma lipoproteins and the effects
of lipids and cholesterol on the cell behavior and extracellular matrix architecture of the
tunica intima [3], the data about the events causing the LDL transcytosis and accumulations
are still scant. Links regarding Syndecan-4 metabolism/levels and the endothelial barrier
system are not yet known.

Following the data reported, we made endothelial cells undergo inflammatory condi-
tions using the TNF-α cytokine and investigated the effect in the main ECM components,
i.e., HA and Syndecans, evaluating their effect on cell behavior, with regards to the pro-
atherogenic aspect of membrane permeability.

2. Materials and Methods
2.1. Material

HUVEC, human umbilical vein endothelial cells (Gibco, Waltham, MA, USA); M200
culture medium (Gibco, Waltham, MA, USA); DMEM High Glucose w/o Sodium Pyruvate
w/ L-Glutamine (Euro Clone, Pero, Italy); TNF-α (Sino Biological Inc., Wayne, NJ, USA);
Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA); Hyaluronate Lyase
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from Streptomyces hyalurolyticus (Sigma-Aldrich, St. Louis, MO, USA); Transwell system
with filter of 0.4 µm pore size, 6.5 mm diameter (Corning, New York, NY, USA); FITC
labelled dextran (Mw~250,000, Sigma-Aldrich, St. Louis, MO, USA); heparinases I–II–III
(form F. heparinum, Seikagaku, Tokyo, Japan); 2-Aminoacridone, AMAC-(Sigma-Aldrich,
St. Louis, MO, USA); Chondroitinase ABC (from Proteus vulgaris, Seikagaku, Tokyo,
Japan); 3-hydroxybiphenol (Fluka, Buchs, Switzerland); D-Glucuronic acid (Sigma-Aldrich,
St. Louis, MO, USA); prostaglandin E1 and indomethacin (Sigma); all chemicals were
purchased by Sigma-Aldrich (St. Louis, MO, USA).

2.2. Methods

2.2.1. Cell Cultures

Human umbilical vein endothelial cells (HUVEC) obtained from Gibco (Waltham,
MA, USA), were grown for 4–8 passages in M200 culture medium (Gibco, Waltham, MA,
USA) supplemented with 2% fetal bovine serum (FBS). The cultures were maintained in an
atmosphere of humidified 95% air, 5% CO2, at 37 ◦C. Twenty-four hours before treatments,
subconfluent HUVEC were cultured in DMEM with 0.5% FBS. The medium was then
changed to M200 with 0.1 µg/mL of TNF-α (Sino Biological Inc., Wayne, NJ, USA) and
incubated for 24 or 48 h.

2.2.2. Quantitative RT-PCR

Total RNA samples were extracted from untreated or treated cells with an Absolutely
RNA Microprep Kit (Agilent Technologies, Santa Clara, CA, USA). cDNA was generated
by using the High-Capacity cDNA synthesis kit (Applied Biosystems, Foster City, CA,
USA) and amplified on an Abi Prism 7000 instrument (Applied Biosystems, Foster City,
CA, USA) using the Taqman Universal PCR Master Mix (Applied Biosystems). The fol-
lowing human TaqMan gene expression assays were used: HAS2 (Hs00193435_m1), HAS3
(Hs00193436_m1), NOS1 (Hs00167223_m1), NOS2 (Hs01075529_m1), NOS3 (Hs01574659_m1),
SYND1 (Hs00174579_m1), SYND2 (Hs00299807_m1), SYND3 (Hs00206320_m1), SYND4
(Hs00161617_m1), NDST1 (Hs00155454_m1), EXT1 (Hs00609162_m1), EXT2 (Hs00181158_m1),
and β-actin (Hs99999903_m1) as the reference gene. The relative quantification of gene
expression levels was determined by comparing 2ˆ-∆∆Ct [3,24] using non-treated cells, or
the expression of HAS2 and Syndecan-1 as a normalizers.

2.2.3. Western Blotting

A RIPA buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1% TRITON X-100, 0.5% sodium
deoxycholate, 0.1% SDS) containing Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis,
MO, USA) was used to prepare cell lysates. Proteins were quantified, separated in a
12% SDS polyacrylamide gel electrophoresis, and transferred to nitrocellulose membrane.
After incubation in blocking solution, 5% BSA in TBS-T (Tris-Buffered Saline: 0,02 M Tris,
0,136 M NaCl, 0,001 % Tween-20, pH 7.6), the membrane was incubated overnight with
a primary antibody at 4 ◦C. Antibodies used were rabbit polyclonal antibody against
Syndecan4 (ABT157, Merck Millipore, Burlington, VT, USA) dilution 1:250, and goat
polyclonal antibody against β-actin (#J1805, Santa Cruz Biotechnology, Dallas, TX, USA),
dilution 1:1000. The membrane was washed with TBS-T and incubated for 1 h with
the secondary antibody. Band visualization was carried out by the chemiluminescence
system LiteAblot TURBO (Euro Clone, Pero, Italy). The relative intensities of the protein
bands were analyzed with ImageJ software. β-actin levels were used as controls for
protein loading.

2.2.4. Cell Transfection

HUVEC were transfected with siRNA against syndecans4 (S12639, Ambion, Carlsbad,
CA, USA) using a nucleofector apparatus (Amaxa, Basel, Switzerland) and the Amaxa
HUVEC Nucleofector kit (Lonza, Basel, Switzerland) following the manufacturer’s instruc-
tions. In total, 5 × 100,000 cells were resuspended in 100 µL HUVEC Nucleofector solution
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and transfected with 40 nM siRNA against syndecans4 and Silencer Negative Control
siRNA #1 (AM4611, Ambion, Carlsbad, CA, USA). Syndecans4 silencing efficiency was
determined by qRT-PCR. Silenced cells were treated 24 h after the transfection.

2.2.5. Cell Viability Assay

HUVEC metabolic activity was evaluated with the MTT assay. Cells were plated at
a density of 6 × 1000 cells/well in a 96-well plate. After 16–18 h, HUVEC were treated
with 0.1 µg/mL of TNF-α. After 4, 16, 24, or 48 h, the cells were washed with PBS, and
MTT solution (50 µL of 5 mg/mL) was added to each well for 4 h at 37 ◦C. Subsequently,
the medium was removed, and DMSO (Sigma-Aldrich, St. Louis, MO, USA) was added
(200 µL/well) to solubilize the formazan crystals. Optical density was measured at 570 nm
with the Tecan microplate reader (Thermo Scientific, Waltham, MA, USA).

2.2.6. Migration Assay

HUVECs were cultured until confluence in 6-well plates and serum-deprived (0.2%
FBS) for 16–18 h. Three scratches per well were done with a 20 µL sterile pipette tip.
Cells were washed to remove debris and incubated in fresh M200 with or without TNF-α.
Images from three different scratch areas in each culture well were obtained using Olympus
(Hamburg, Germany) IX51 microscope after 2, 4, 6, and 8 h.

2.2.7. Exclusion Assay

HUVEC pericellular coat was visualized and measured by using a particle exclusion
assay. In total, 6 × 1000 cells/well were seeded in 12-well plate and treated with TNF-α
or PBS as control. After 24 h, 500 µL of a suspension of formaldehyde-fixed erythrocytes
(15 × 1,000,000 erythrocytes/mL) was added to the wells and allowed to settle for 20 min
at 37 ◦C. Images of the pericellular coat were obtained using phase contrast microscope
Olympus IX51. The presence of HA on the pericellular coat was evaluated treating the
cultures with 2 U/mL of Hyaluronate Lyase for 1 h at 37 ◦C before visualization with the
particle exclusion assay. Representative cells were photographed at a magnification of ×40;
the control experiment was performed with heat inactivated Hyaluronate lyase. ImageJ
software was used to quantify the area delimited by red blood cells and the area delimited
by the cell membrane to give a coat-to-cell ratio [25].

2.2.8. Permeability Assay

FITC-labelled dextran was used as the representative of hydrophilic molecules to
measure the permeability of endothelial cell monolayer [26,27]. HUVEC were plated in
the upper part of a Transwell filter with 0.4 µm pore size at a density of 8 × 1000 cells per
well until the formation of a tight monolayer was checked with the microscope. Cells were
treated with TNF-α (0.1 µg/mL), and FITC-dextran was added to the top chamber of the
Transwell in a final concentration of 1 mg/mL. The culture medium in the upper and in
the lower chamber was collected 24 h post-treatment, and fluorescence was measured by
fluorimeter (Tecan, Thermo Scientific, Waltham, MA, USA) with an excitation wavelength
of 490 nm and an emission wavelength of 520 nm. To evaluate the FITC-dextran passage
through the cells monolayer, we calculated the percentage of lower over total fluorescence.

2.2.9. Glycosaminoglycans Purification and Quantification

Glycosaminoglycan from the culture medium or cell membrane was extracted using
the protocol described in Viola et al. [28]. Briefly, after sample stimulation, conditioned
media were collected as well as trypsin supernatants after cells harvesting (membrane
GAGs). Samples were subjected to digestion with proteinase K (20 U/mL, Finnzymes,
Espoo, Finland) and precipitation with ethanol (9:1 / ethanol:water).

HE/HS ∆-disaccharides were obtained digesting the pellet with a mix of heparinases
I–II–III (form F. heparinum, Seikagaku, Tokyo, Japan) 0.5 U/mL each and then derivatized
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with AMAC (Sigma-Aldrich St. Louis, MO, USA). HE/HS ∆-disaccharides were analyzed
and quantified by HPLC with respect to specific standards.

Intact HS GAGs were purified digesting the pellet with 0.1 U/mL U of Chondroitinase
ABC for 5 h at 37 ◦C.

HS GAGs amount was calculated by means of the uronic acid content, using the van
den Hoogen et al. method [29]. Briefly, 40 µL of the HS sample and 200 µL of concentrated
sulfuric acid (80% w/w) were added in a 96-well plate. The plate was incubated for 1 h at
80 ◦C and, after cooling to room temperature, the background absorbance of samples was
measured at 540 nm on a microplate reader (Tecan, Thermo Scientific, Waltham, MA, USA).
Then, 40 µL of 3-hydroxybiphenol solution (100 µL of 100 mg/mL 3-hydroxybiphenol
in DMSO mixed with 4.9 mL 80% (v/v) sulfuric acid) was added. After an overnight
incubation, the absorbance was read again at 540 nm. D-Glucuronic acid (Sigma-Aldrich
St. Louis, MO, USA) was used for a standard curve.

2.2.10. Data Analysis

Data are presented as mean ± S.E.M. Statistical significance was determined using
Student’s t test. Statistical significances were p < 0.05 for *, p < 0.01 for **, and p < 0.001 for ***.

3. Results

In the development of atherosclerosis, the endothelial dysfunction is one of the be-
ginning steps or a permissive status of the endothelial layer for the onset of the pathology.
Treatment of HUVEC cells with TNF-α can mimic the systemic inflammatory status of the
endothelium [30,31].

In order to confirm the inflammatory condition of HUVEC cells, we analyzed nitric
oxide synthases (NOSs) expression. Nitric oxide (NO) is important to maintain normal
vascular functions and endothelial integrity. As expected, the endothelial isoform NOS3
was the most expressed form in HUVEC (Figure 1A), and the expression levels of NOS3
and NOS1 were significantly decreased after TNF-α stimulation, while NOS2 showed a
non-significant tendency to decrease (Figure 1B). These data agree with the literature in
which in vitro studies confirm the defect in the NO production in isolated atherosclerotic
blood vessels [7,32].

Migration recorded through 8 h and vitality at 24 and 48 h were not affected by the
cytokine (Supplementary Figure S1).

The extracellular matrix expressed by endothelial cells is commonly referred to as
glycocalyx and has an important role in controlling shear stress from laminar flow through
mechano-transduction mechanisms [14] and inflammation, thus controlling cell adhesion,
motility, and proliferation [15–17].

The HA production has also an important role in the maintenance of cell homeostasis
and in activation of different signal transduction pathways [33]. In HUVEC cells, HAS3
mRNA was the most abundant (Figure 2A), whereas HAS1 messenger was not detected
(data not shown). Interestingly, after TNF-α stimulation, HAS2 increased expression while
HAS3 was decreased (Figure 2B). In order to evaluate the glycocalyx of the HUVEC, we
quantified the glycosaminoglycans from the membrane and from the medium with no
significant differences (Supplementary Figure S3). The pericellular coat surrounding the
endothelial cells was measured and showed a significant increase after TNF-α stimulation,
which was mainly constituted of HA as demonstrated by enzymatic digestion (Figure 2C).
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Figure 1. Effect of TNF-α on NO synthetic enzymes in HUVEC. (A) relative expression of NOSs
(neuronal NOS1, inducible NOS2, and endothelial NOS3) in HUVEC. (B) NOSs expression in HUVEC
untreated (control) and treated with TNF-α (0.1 µg/mL) for 24 h. Data are mean ± S.E.M. of three
independent experiment, *** p < 0.001.
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Figure 2. Effect of TNF-α on Hyaluronan synthesis in HUVEC. (A) HASs expression profile in
HUVEC. The reference gene used for normalization was β-actin and the normalizer HAS2 expression.
(B) Relative expression of HAS2 and HAS3 after TNF-α stimulation (24 h). The reference gene used
for normalization was β-actin and the normalizer untreated samples. Data are mean ± S.E.M. of four
independent experiments, *** p < 0.001. (C). Particle exclusion assay performed on HUVEC untreated
(control) and under TNF-α stimulation for 24 h. To clarify the HA composition of the pericellular
matrix, we digested HA with 2 U/mL of Hyaluronate Lyase from Streptomyces hyalurolyticus
(HYAL) before the addition of erythrocytes. Original magnification 40×. Values represent the
measure of the single cell pericellular area, and the red bars are the mean of three independent
experiments, *** p < 0.001 and ** p < 0.01.

Due to the lining of the vessels, ECM is also important in recruitment and activation
of immune cells and of platelets from the blood [34–36]. Among all the HSPGs, Syndecans
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are a family of four transmembrane proteoglycans acting as co-receptors interacting with
different molecules including growth factors, matrix components, and cytokines that are
present in glycocalyx [11]. In HUVEC, the main Syndecans expressed are the -3 and
-4 isoforms (Figure 3A), but only Syndecan-4 increased during TNF-α stimulation from
24 up to 48 h (Figure 3B). The core protein of the proteoglycan was evaluated in the
cell extraction and shown in Western blot and turned out to be increased, even if not
significantly (Figure 3C). The Western blot shows three different bands positive to antibody
recognition. The three different bands at around 27, 37, and 45 kDa can be the proteoglycan
with different GAG chains [37], Syndecan-4 bound to growth factor or matrikines, and/or
its homo- or hetero-oligomerization forms [38].

As reported, the NDST1 has the capacity to bind to EXT2, and EXT1 and EXT2
expressions affect the N-sulfation degree, suggesting that the overexpression of all the
three enzymes happens simultaneously, as shown in Supplementary Figure S3.
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Figure 3. TNF-α influence on Syndecans expression. (A) Syndecans expression profile in HUVEC.
The reference gene used for normalization was β-actin and the normalizer the Syndecan-1 expression
level. (B) Syndecans isoforms expressions in HUVEC control and after 24- and 48-h of TNF-α
stimulation. The reference gene used for normalization was β-actin and the normalizer untreated
samples. Values represent mean ± S.E.M. (n = 3), ** p < 0.01. (C) Western blot analysis of Syndecan-4
(SDC4) protein in HUVEC control and treated 24 h with TNF-α. Bar chart represents normalized
mean ± S.E.M. of two independent experiments and the figure is a representative SDS-PAGE.

The GAG moiety of the HUVEC HSPGs was analyzed by enzymatic digestion followed
by HPLC analysis, and the disaccharide percentages are reported in Table 1. The main
drastic difference seems related to the increment of N-sulfation on glucosamine residue. The
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higher amount of N-sulfation correlates well with the increment of expression of the enzyme
NDST1, heparan sulfate N-deacetylase/N-sulfotransferase 1 (Supplementary Figure S3),
that catalyzes both the N-deacetylation and the N-sulfation of glucosamine.

Table 1. HPLC analysis of the main HS/HE disaccharides. GAGs were isolated from plasma
membrane and from culture medium of HUVEC control and TNF-α treated (24 h). To obtain HS/HE
disaccharides, we digested GAGs with heparinases. After AMAC derivatization, the disaccharides
were analyzed by means of HPLC. Data are expressed as % area of each HS disaccharide/ % area total.
The N-sulfation in bold (NS) is catalyzed by NDST1. Values are mean ± SD of three independent
experiments ** p < 0.01. UA: uronic acid; GlcNAc: N-acetyl; GlcNS: N-sulphonyl glucosamine: S:
sulphate group [39].

GAG medium GAG membrane

Control TNF-α Control TNF-α

∆UA-2S-β[1→4]-GlcNS-6S 0.7 ± 1.3 0.4 ± 0.7 4.9 ± 6.9 5.5 ± 7.8

∆UA-β[1→4]-GlcNS-6S 1.2 ± 1.0 2.9 ± 0 0 91 ± 6 **

∆UA-2S-β[1→4]-GlcNS 0.4 ± 0.7 2.5 ± 4.3 0.9 ± 1.3 0.7 ± 0.5

∆UA-β[1→4]-GlcNS 3.8 ± 5.0 34 ± 21 34 ± 23 0.2 ± 0.2

∆UA-β[1→4]-GlcNAc-6S 66 ± 2 48 ± 36 55 ± 21 0

∆UA-β[1→4]-GlcNAc 50 ± 39 13 ± 19 5.3 ± 6.6 2.3 ± 0.7

The major event in atherosclerosis onset is the accumulation in the sub-endothelium
of lipids driven by the lipoprotein LDL [3]; nevertheless, the data about the events causing
the LDL particle transcytosis and accumulations within the tunica intima are still scant.

To test whether the endothelial permeability is altered under the inflammatory condi-
tion, we incubated a continued layer of HUVEC in a transwell system with FITC-dextran
using a permeable membrane with a cut-off unable to let the cells pass. As reported in
Figure 4A, the presence of the HUVEC layer (control) blocks the free passage of the fluores-
cent dextran, and the same cell under the inflammatory condition of TNF-α increases the
blocking by a significant, even if small, amount.
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Figure 4. Transwell permeability assay. (A) FITC-dextran flow through HUVEC monolayer. Conflu-
ent HUVEC cells in the upper chamber of a transwell system +/− TNF-α were added with 1 mg/mL
of dextran conjugated with FITC. After 24 h, the medium of the lower chamber was collected and
FITC fluorescence was measured, * p < 0.05 and ** p < 0.01. (B). FITC-dextran flow through siRNA
control (siØ ctr) or siRNA against SDC4 HUVEC monolayers; data are mean ± S.E.M. and n = 3.

Since Syndecan-4 exerts various effects on the endothelial glycocalyx, with particular
regard to TNF-α induced endothelial modifications [40], and has a pivotal role in the
dynamics of focal adhesion [41] and in the formation of networks at gap junctions [42],
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we investigated the HUVEC permeability of SDC4-silenced cells (Figure 4B) (silencing
efficiency 80%, data not shown). The abrogation of the proteoglycan does not alter the
dextran passage, even considering the high silencing levels, thus indicating a complex
metabolism and turnover for the proteoglycan as well as multiple control levels for the
layer permeability.

4. Discussion

The atherosclerotic process in which we are interested is a combination of several
factors, among which high cholesterol levels, driven by lipoprotein LDL, vasculature in-
flammation, and oxidative processes are the main components, deeply studied but still not
easily correlated [1,3,43]. In particular, it is not yet clear whether the vessel inflammatory
condition can influence the LDL passage to the subendothelial space and alter the activation
of blood components through the interaction with the glycocalyx. In the in vitro model of
inflammation and atherosclerosis using endothelial cells [44] and smooth muscle cells [3],
we highlighted the role of the GAG HA in recruiting monocytes/macrophages from blood,
promoting their adhesion to the endothelial layer, and altering the ECM composition and
thickness of the intima layer.

We determine to use the pro-inflammatory cytokine TNF-α, since it is well known
that is produced in the visceral fat of obese and overweight patients that are prone to CVD.
Moreover, this chronic low-grade vascular inflammation is hypothesized to be the stim-
ulus by which, within vasculature, reactive oxygen species (ROS) are generated through
NAD(P)H oxidase activation and other sources, which in turn reduces NO availability,
causing the local endothelial dysfunctions [2]. Therefore, TNF-α can contribute to vascular
changes, favouring the development and acceleration of the atherothrombotic process in
the clinical condition [2]. In this view, we used the pro-inflammatory cytokine TNF-α treat-
ment on HUVEC cells as a model of vasculature inflammation, investigating the glycocalyx
modifications and their effect of the endothelial barrier.

The effects of TNF-α on the NO production shown in Figure 1 confirm the effectiveness
of the treatment, and even if the data are only the expression of the synthetic enzymes,
this evidence is related to the NO levels [45]. The action of TNF-α on the HA synthesis
is reported in Figure 2 and confirms the data previously found with a different cytokine,
the IL-1β. Briefly, the synthesis of HA is increased by means of the overexpression of
the membrane synthases HAS2, and the GAG is mainly localized around the cells as a
pericellular coat that increases the distance between the cells. Among the synthetic HA
enzymes, HAS2 is known to be the main producer of the polymer [3]. The HAS3 enzyme
decrease in this phase is not yet well understood and deserves other investigations in
order to unravel the exact role of the enzyme in the membrane. During the early stage
of atherosclerotic lesion formation in Apolipoprotein E (Apoe)-deficient mice, the HAS3
expression is increased and controlled in vascular smooth muscle cells by the cytokine
IL-1β [46], and even if data on endothelial cells are unavailable, there are clear indications
that HAS3 might be a promising therapeutic target in atherosclerosis.

It is noteworthy that this pericellular coat can increase the adhesion and recruitment of the
circulating monocytes [44] and protect cells from apoptotic events [47]. Since HA can also exert
its effect on cell proliferation and migration depending on its dimensions [48–50] and organized
sovramolecular architecture by soluble factors (e.g., TSG-6) [51], the mere synthesis of
the polymer is not predictive of its effect. In our model, in fact, the accumulation of
HA in the pericellular coat does not alter cell proliferation and migration as reported in
Supplementary Figures S1 and S2, which was in line with the barrier role of the endothelial
cells, but nevertheless can favour the adhesion and transmigration of blood cells to the
sub-endothelium.

Inflammation is the cause of multiple effects on the endothelium, including changing
the glycocalyx composition [10,19,52]. The heparan sulfate proteoglycan belonging to the
Syndecans family is largely involved in the onset of different CVD in vasculature, and in
particular is reported to be increased in patients with resistant hypertension [21], while
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syndecan-3/-4 ectodomain fragments, produced by several stimuli, including heparinase or
thrombin, decrease endothelial cell–cell adhesive barrier integrity [23] and are involved in
the cell-extracellular matrix and cell–cell adhesion mechanisms [22]. HSPGs in endothelial
cells include glypicans, located on the cell membrane, anchored by glycosylphosphatidyli-
nositol (GPI), functioning mainly as modulators of growth factor signaling [53], but they
seem more critically involved in developmental morphogenesis and positively correlate
with the onset of certain types of cancers [54] and less with vascular inflammation.

The TNF-α treatment on HUVEC cells selectively increases the expression of Syndecan-
4, and the expression remains high after the incubation for up to 48 h (Figure 3); the increase
of syndecan-4 is also evident at the protein level, and is measurable with Western blot,
even if the results are not significant. This finding can be either due to the low level of
expression of the PG in the cells that do not consent to the change to be significant in
the assay sensibility range, or to the turnover rate of Syndecan-4, which is formed by the
protein core and the GAG moiety. In our data, in fact, we investigated the composition
of the heparan sulfate chains of the membrane-bound PGs as well as those released in
the medium and evidenced a difference in the percentage of various disaccharides. The
different sulfation of the disaccharides can lead to a modification in the sulfation pattern of
the GAG chains, and this can be the real important event for the Syndecan-4 related effects,
while the protein core can be maintained at the same amount but continuously replaced.

The total amount of uronic containing GAGs remains invariable (Supplementary
Figure S4), indicating a balance between the synthesis of the polymer chains that use the
same UDP-sugar precursors as we underlined in a previous paper, involving, in particular
HA and HS [20], but a control on the number and dimension of the various chains was
impossible. As shown in Table 1 the main changes in disaccharides involve the NS and
6 sulfation. Unfortunately, the small size of the samples and high biological variability
among them make it impossible to have statistically significant data, but the trend is
very sharp. Together with the changes in the protein core of Syndecan-4 and in the NS
sulfation, the synthetic enzymes EXT1 and EXT2, responsible for the polymerization, and
NDST1 (N-deacetylase/N-sulfotransferase) are also increased in the TNF-α treated samples
(Supplementary Figure S3). The sulfation pattern of the HS chains is frequently found
altered in the inflammatory condition of tumours, as reported by several papers that
indicate specific HS sulfotransferase as critical for the survival and invasiveness of those
cells, for example, the 3-O-sulfotransferase [55] or the 2-O-sulfotransferase [56]. Moreover,
the 6-O-sulfation of HS highly influences the polysaccharide structural diversity and is
critically involved in the binding of many proteins, in particular growth factors [17].

The NDST1 enzyme is the component that catalyses both the N-deacetylation and
the N-sulfation of glucosamine (GlcNAc) residue in the heparan sulfate. This enzyme
modifies the GlcNAc-GlcA disaccharide-repeating sugar backbone to make N-sulfated
heparosan, a prerequisite substrate for later modifications in heparin biosynthesis, such as
6-O-sulfation [15]. Therefore, the increase in the N-sulfation along the chain consequently
also increases the sulfation in the C6, as summarized in Table 1. This modification seems
more important in the chains bound to the membrane, i.e., carried on the proteoglycan core.
For what concerns the CVD, it was reported that the protein PCSK9, an important drug
target because of its crucial role in lipid metabolism, can interact with HS in N-sulfation rich
domain [57], eventually linking the high cholesterol load with the vasculature inflammation
at the onset of the pathology.

The mechanism of endothelial dysfunction involves the alteration of the layer per-
meability demonstrated in Figure 4, which is dependent upon the overexpression of
Syndecan-4, while the silencing of the protein core of the PG does not change the barrier
function of the membrane. The increase in Syndecan-4 after treatment with TNF-α can
cause a rearrangement in the adhesion asset of the endothelial layer due to its involvement
in the dynamics of focal adhesion and the formation of networks at gap junctions. The
different integration of the cells with each other and with the basement membrane can be
the molecular mechanism leading to lower permeability of the endothelial layer. Neverthe-

188



Biomolecules 2021, 11, 809

less, this mechanism needs further investigations to be clarified, in particular regarding the
interaction with other membrane components.

5. Conclusions

This research work aims to close small gaps in the sequence events on the onset of
vascular lesion at the basis of various cardiovascular diseases, such as atherosclerosis.

The hypothesis we followed is the establishment of a first inflammatory condition due
to physical and environmental state (diet and sport exercise habits, health conditions, etc.),
and the results we obtained seem to positively correlate with the onset of a pathological
state: (i) alteration of the endothelial barrier properties (i.e., membrane permeability); (ii)
increase of HA in the pericellular coat and therefore of the monocyte recruitment possibility
from blood; (iii) alteration of the sulfation pattern of membrane-bound HS which can cause
modifications of the endothelium response to growth factor and cytokines, as well as of the
lipid metabolism through the association HS/PCSK9/LDL-receptor; (iv) HAS3 enzymes
abundantly decrease in these conditions without affecting the HA amount, which suggests
a different role in the cell behaviour.

Concluding, we can assess that inflammation is the leading event of CVD and that it
is of pivotal importance to understand if the inflammatory HS carries specific sequences
connected to the various events and unravel the role of HAS3 in endothelial cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biom11060809/s1, Figure S1: MTT vitality assay. Figure S2: Wound healing assay of HUVEC.
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34. Kolářová, H.; Ambrůzová, B.; Svihálková Šindlerová, L.; Klinke, A.; Kubala, L. Modulation of endothelial glycocalyx structure

under inflammatory conditions. Mediat. Inflamm. 2014, 2014, 694312. [CrossRef] [PubMed]
35. Kumar, A.V.; Katakam, S.K.; Urbanowitz, A.K.; Gotte, M. Heparan sulphate as a regulator of leukocyte recruitment in inflamma-

tion. Curr. Protein Pept. Sci. 2015, 16, 77–86. [CrossRef] [PubMed]
36. Ibrahim, S.A.; Hassan, H.; Vilardo, L.; Kumar, S.K.; Kumar, A.V.; Kelsch, R.; Schneider, C.; Kiesel, L.; Eich, H.T.; Zucchi, I.; et al.

Syndecan-1 (CD138) modulates triple-negative breast cancer stem cell properties via regulation of LRP-6 and IL-6-mediated
STAT3 signaling. PLoS ONE 2013, 8, e85737. [CrossRef] [PubMed]

37. Liao, W.C.; Yen, H.R.; Chen, C.H.; Chu, Y.H.; Song, Y.C.; Tseng, T.J.; Liu, C.H. CHPF promotes malignancy of breast cancer cells
by modifying syndecan-4 and the tumor microenvironment. Am. J. Cancer Res. 2021, 11, 812–826. [PubMed]

38. Hamon, M.; Mbemba, E.; Charnaux, N.; Slimani, H.; Brule, S.; Saffar, L.; Vassy, R.; Prost, C.; Lievre, N.; Starzec, A.; et al. A
syndecan-4/CXCR4 complex expressed on human primary lymphocytes and macrophages and HeLa cell line binds the CXC
chemokine stromal cell-derived factor-1 (SDF-1). Glycobiology 2004, 14, 311–323. [CrossRef] [PubMed]

190



Biomolecules 2021, 11, 809

39. Karousou, E.G.; Viola, M.; Vigetti, D.; Genasetti, A.; Rizzi, M.; Clerici, M.; Bartolini, B.; De Luca, G.; Passi, A. Analysis of
glycosaminoglycans by electrophoretic approach. Curr. Pharm. Anal. 2008, 4, 78–89. [CrossRef]

40. Lipphardt, M.; Song, J.W.; Goligorsky, M.S. Sirtuin 1 and endothelial glycocalyx. Pflug. Arch. 2020, 472, 991–1002. [CrossRef]
41. Elfenbein, A.; Simons, M. Syndecan-4 signaling at a glance. J. Cell Sci. 2013, 126, 3799–3804. [CrossRef] [PubMed]
42. Horiguchi, K.; Kouki, T.; Fujiwara, K.; Tsukada, T.; Ly, F.; Kikuchi, M.; Yashiro, T. Expression of the proteoglycan syndecan-4 and

the mechanism by which it mediates stress fiber formation in folliculostellate cells in the rat anterior pituitary gland. J. Endocrinol.

2012, 214, 199–206. [CrossRef]
43. Viola, M.; Vigetti, D.; Karousou, E.; D’Angelo, M.L.; Caon, I.; Moretto, P.; De Luca, G.; Passi, A. Biology and biotechnology of

hyaluronan. Glycoconj. J. 2015, 32, 93–103. [CrossRef]
44. Vigetti, D.; Genasetti, A.; Karousou, E.; Viola, M.; Moretto, P.; Clerici, M.; Deleonibus, S.; De Luca, G.; Hascall, V.; Passi, A.

Proinflammatory cytokines induce hyaluronan synthesis and monocyte adhesion in human endothelial cells through hyaluronan
synthase 2 (HAS2) and the nuclear factor-kappaB (NF-kappaB) pathway. J. Biol. Chem. 2010, 285, 24639–24645. [CrossRef]

45. Giaroni, C.; Marchet, S.; Carpanese, E.; Prandoni, V.; Oldrini, R.; Bartolini, B.; Moro, E.; Vigetti, D.; Crema, F.; Lecchini, S.; et al.
Role of neuronal and inducible nitric oxide synthases in the guinea pig ileum myenteric plexus during in vitro ischemia and
reperfusion. Neurogastroenterol. Motil. 2013, 25, e114–e126. [CrossRef]

46. Homann, S.; Grandoch, M.; Kiene, L.S.; Podsvyadek, Y.; Feldmann, K.; Rabausch, B.; Nagy, N.; Lehr, S.; Kretschmer, I.;
Oberhuber, A.; et al. Hyaluronan synthase 3 promotes plaque inflammation and atheroprogression. Matrix Biol. 2018, 66, 67–80.
[CrossRef]

47. Vigetti, D.; Rizzi, M.; Moretto, P.; Deleonibus, S.; Dreyfuss, J.M.; Karousou, E.; Viola, M.; Clerici, M.; Hascall, V.C.; Ramoni, M.F.;
et al. Glycosaminoglycans and Glucose Prevent Apoptosis in 4-Methylumbelliferone-treated Human Aortic Smooth Muscle Cells.
J. Biol. Chem. 2011, 286, 34497–34503. [CrossRef] [PubMed]

48. Viola, M.; Karousou, E.; D’Angelo, M.L.; Caon, I.; De Luca, G.; Passi, A.; Vigetti, D. Regulated Hyaluronan Synthesis by Vascular
Cells. Int. J. Cell Biol. 2015, 2015, 208303. [CrossRef] [PubMed]

49. Karamanos, N.K.; Piperigkou, Z.; Theocharis, A.D.; Watanabe, H.; Franchi, M.; Baud, S.; Brézillon, S.; Götte, M.; Passi, A.;
Vigetti, D.; et al. Proteoglycan Chemical Diversity Drives Multifunctional Cell Regulation and Therapeutics. Chem. Rev. 2018,
118, 9152–9232. [CrossRef]

50. Tavianatou, A.G.; Caon, I.; Franchi, M.; Piperigkou, Z.; Galesso, D.; Karamanos, N.K. Hyaluronan: Molecular size-dependent
signaling and biological functions in inflammation and cancer. FEBS J. 2019, 286, 2883–2908. [CrossRef] [PubMed]

51. Day, A.J.; Milner, C.M. TSG-6: A multifunctional protein with anti-inflammatory and tissue-protective properties. Matrix Biol.

2019, 78–79, 60–83. [CrossRef]
52. Potje, S.R.; Paula, T.D.; Paulo, M.; Bendhack, L.M. The Role of Glycocalyx and Caveolae in Vascular Homeostasis and Diseases.

Front. Physiol. 2020, 11, 620840. [CrossRef]
53. Wang, S.; Qiu, Y.; Bai, B. The Expression, Regulation, and Biomarker Potential of Glypican-1 in Cancer. Front. Oncol. 2019, 9, 614.

[CrossRef] [PubMed]
54. Li, N.; Spetz, M.R.; Ho, M. The Role of Glypicans in Cancer Progression and Therapy. J. Histochem. Cytochem. 2020, 68, 841–862.

[CrossRef]
55. Vijaya Kumar, A.; Salem Gassar, E.; Spillmann, D.; Stock, C.; Sen, Y.P.; Zhang, T.; Van Kuppevelt, T.H.; Hülsewig, C.; Koszlowski,

E.O.; Pavao, M.S.; et al. HS3ST2 modulates breast cancer cell invasiveness via MAP kinase- and Tcf4 (Tcf7l2)-dependent regulation
of protease and cadherin expression. Int. J. Cancer 2014, 135, 2579–2592. [CrossRef] [PubMed]

56. Vijaya Kumar, A.; Brézillon, S.; Untereiner, V.; Sockalingum, G.D.; Kumar Katakam, S.; Mohamed, H.T.; Kemper, B.; Greve, B.;
Mohr, B.; Ibrahim, S.A.; et al. HS2ST1-dependent signaling pathways determine breast cancer cell viability, matrix interactions,
and invasive behavior. Cancer Sci. 2020, 111, 2907–2922. [CrossRef] [PubMed]

57. Gustafsen, C.; Olsen, D.; Vilstrup, J.; Lund, S.; Reinhardt, A.; Wellner, N.; Larsen, T.; Andersen, C.B.F.; Weyer, K.; Li, J.P.; et al.
Heparan sulfate proteoglycans present PCSK9 to the LDL receptor. Nat. Commun. 2017, 8, 503. [CrossRef] [PubMed]

191





biomolecules

Communication

Discovery of Sulfated Small Molecule Inhibitors of
Matrix Metalloproteinase-8

Shravan Morla 1,2,† and Umesh R. Desai 1,2,*
1 Department of Medicinal Chemistry, Virginia Commonwealth University, Richmond, VA 23298, USA;

smorla@scripps.edu
2 Drug Discovery and Development, Institute for Structural Biology, Virginia Commonwealth University,

Richmond 23219, VA, USA
* Correspondence: urdesai@vcu.edu; Tel.: +804-828-7575; Fax: +804-827-3664
† Present Address: Department of Molecular Medicine, The Scripps Research Institute, La Jolla,

CA 92037, USA.

Received: 12 July 2020; Accepted: 7 August 2020; Published: 9 August 2020
����������
�������

Abstract: Elevated matrix metalloproteinase-8 (MMP-8) activity contributes to the etiology of many
diseases, including atherosclerosis, pulmonary fibrosis, and sepsis. Yet, very few small molecule
inhibitors of MMP-8 have been identified. We reasoned that the synthetic non-sugar mimetics of
glycosaminoglycans may inhibit MMP-8 because natural glycosaminoglycans are known to modulate
the functions of various MMPs. The screening a library of 58 synthetic, sulfated mimetics consisting
of a dozen scaffolds led to the identification of only two scaffolds, including sulfated benzofurans and
sulfated quinazolinones, as promising inhibitors of MMP-8. Interestingly, the sulfated quinazolinones
displayed full antagonism of MMP-8 and sulfated benzofuran appeared to show partial antagonism.
Of the two, sulfated quinazolinones exhibited a >10-fold selectivity for MMP-8 over MMP-9, a closely
related metalloproteinase. Molecular modeling suggested the plausible occupancy of the S1

′

pocket
on MMP-8 as the distinguishing feature of the interaction. Overall, this work provides the first
proof that the sulfated mimetics of glycosaminoglycans could lead to potent, selective, and catalytic
activity-tunable, small molecular inhibitors of MMP-8.

Keywords: matrix metalloproteinases; glycosaminoglycans; small molecule inhibitors; drug discovery

1. Introduction

Matrix metalloproteinase-8 (MMP-8), also known as neutrophil collagenase or collagenase-2,
is a Zn+2-dependent endopeptidase of the MMP family. It is primarily expressed and secreted by
neutrophils as a zymogen (pro-MMP-8), and is activated by the reactive oxygen species released
from activated neutrophils, thus rendering MMP-8 as having a key role in both acute and chronic
inflammation [1]. Tissue inhibitors of metalloproteinases (TIMPs) regulate the activity of MMP-8 by
forming a 1:1 stoichiometric inhibitory complex [2]. However, imbalances in MMP-8 and TIMP levels
can lead to increased collagen degradation and pathological remodeling of the extracellular matrix [1].
Although it was initially believed that MMP-8′s only function was to degrade collagen, later studies
have identified both non-collagenous and non-structural substrates [1], thereby implicating MMP-8 in
various pathological processes (see Table 1 for the full listing). In recent years, a wealth of preclinical
and clinical data have emerged that correlate high MMP-8 levels with the potential for diagnosing
diseases [3]. Likewise, MMP-8 inhibitors have also been suggested as potential therapeutics for treating
some of these pathologies [3].
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Table 1. Matrix metalloproteinase-8 (MMP-8) in various diseases.

Disease Role of MMP-8

Atherosclerosis

High MMP-8 in atheromatous and fibrous plaques promote plaque
rupture, leading to vascular and cardiac events, including myocardial

infarction, ischemic stroke, and abdominal aortic aneurysm [4].
MMP-8 knockdown significantly reduces atherosclerotic events in

mouse models [5].

Bacterial meningitis
High MMP-8 levels in the cerebrospinal fluid of children with bacterial

meningitis are associated with blood–brain barrier damage and
neuronal injury [6].

Cancer
MMP-8 displays apparently contradictory roles in both cancer

progression and inhibition, depending on the type of cancer, making it
both a target and an anti-target for cancer therapy [7].

Chronic obstructive pulmonary
disease (COPD)/emphysema

Increased MMP-8 levels lead to poor pulmonary function and
emphysema severity [8].

Coronary artery disease The plasma MMP-8 levels in patients with coronary artery disease is
associated with disease severity [9].

Idiopathic pulmonary fibrosis (IPF)
MMP-8 levels in plasma, bronchoalveolar lavage fluid, and lung

macrophages of IPF patients are noted to be high. MMP-8 knockdown
protects mice from bleomycin-mediated lung fibrosis [10].

Obesity
MMP-8, which degrades the human insulin receptor, is increased in

the serum of obese individuals, and may contribute to insulin
resistance. MMP-8 inhibition restores the insulin receptor [11].

Periodontal diseases
Upregulated MMP-8 levels are observed in gingival cervicular fluid,

corresponding to 90–95% of all collagenolytic activity. MMP-8
inhibitors cease the progression of periodontitis [12].

Sepsis The increased gene expression and activity of MMP-8 correlates with
disease severity and a worsening clinical outcome [13].

Tuberculosis MMP-8 dependent tissue destruction is observed in patient lung
biopsies [14].

Wound healing Increased MMP-8 levels in mice prevent tissue repair, leading to
impaired wound healing [15].

Most early attempts to develop MMP inhibitors focused on developing peptide-based agents
mimicking endogenous substrate sequences aided by a hydroxamate group, which ligates the critical
Zn+2 co-factor [3,16]. Unfortunately, the high affinity of hydroxamates to Zn+2 containing proteins,
which include several MMPs, as well as a disintegrin and metalloproteinase (ADAM) and ADAM
with thrombospondin motifs (ADAMTS) family members, introduced a significant non-selectivity
of inhibition, causing severe side-effects in the clinical trials [3,16]. Later, researchers focused on
the development of peptides with a lower affinity to Zn+2 by including phosphonates, thiolates,
and carboxylates in the structure (see Table S1) [3,16–18]. Although such peptides demonstrated
significantly reduced side-effects, they failed to show sufficient efficacy in the clinical trials [3].
This resulted in a rather negative perception of MMPs as drug targets in the community [3].

After nearly a decade of no progress in clinical trials with MMP inhibitors, a better understanding of
the MMP biology has led to the insight that the initial clinical trials were perhaps held prematurely [3,16].
Learning from both the fundamental advances made so far and the limitations of the broad-spectrum
non-selective MMP inhibitors, researchers have focused on the development of selective small molecule
MMP inhibitors. This has led to the development of selective MMP-2, -9, and -13 inhibitors. Several of
these molecules are now being tested in clinical trials [3,16].

In contrast to these successes, MMP-8 appears to be a rather challenging target. Although small
molecule inhibitors are likely to prevent and treat multiple diseases (Table 1), few reports are available
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on the development of MMP-8 inhibitors. In fact, only two publications have reported MMP-8
inhibitors in the last decade [19,20]. Thus, the vast chemical space offered by small molecules appears
to be almost untouched for MMP-8 inhibitor development.

Natural glycosaminoglycans (GAGs) modulate various functions of MMPs, including cell
localization, conformation, and stability [21,22]. As one would expect, based on the extensive
literature behind GAG–protein interactions [23,24], GAGs are expected to affect MMP activity,
depending on the length of their polymeric chains and the structure of the local sulfated
microdomains [21,25]. In fact, distinct GAGs have been found to inhibit MMP-9, which is
closely related to MMP-8 [26]. Furthermore, the potency of natural GAGs against MMPs is
quite promising. However, the heterogeneity of these GAGs is problematic for drug development.
Additionally, polymeric natural GAGs generally display unwanted side-effects; they are impossible to
chemically synthesize, and their bio-analytical characterization is a major challenge. These challenges
reduce the enthusiasm to pursue natural GAGs as drugs [27].

In contrast, sulfated small molecules that mimic GAGs offer much better prospects. These molecules,
referred to as non-saccharide GAG mimetics (NSGMs), have now been shown to bind and functionally
modulate multiple GAG-binding proteins [28–34]. For example, distinct NSGMs have been identified
as ligands of fibroblast growth factor receptor-1 [28], antithrombin [33,34], neutrophil elastase [29],
coagulation factor Xia [30,35], plasmin [31], and viral glycoprotein D [32], each of which are known to
bind to heparin. In fact, several NSGMs have been found to display one-to-one correspondence with
specific GAG sequences [28,36]. In terms of drug-like properties, NSGMs are fully synthetic, which bodes
well for analytical ease and scalability of preparation [27,37]. Their much smaller molecular size (MW
500–2000) in comparison with natural GAGs (MW 15,000–100,000) enables a rational and/or computational
design for identifying advanced analogs [28]. Additionally, NSGMs are highly water-soluble owing to
the presence of one or more sulfate groups, which enables easier formulation, e.g., direct instillation
into the lung. This property could have important value for lung disorders, such as chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF), where MMP-8 inhibition has shown
to be beneficial.

Over the past decade, we have developed a library of NSGMs (Figure 1) with 12 different chemical
scaffolds (apigenin, benzofuran, catechin, glucoside, gossypetin, inositol, luteolin, morin, phloretin,
quercetin, quinazolinone, and resveratrol). The library contains mimetics with different chain lengths
(monomer, dimer, and trimer), as well as varying sulfation levels (mono-sulfate through dodeca-sulfate),
which affords an excellent potential to mimic the diversity of the chain length and sulfation patterns
of GAGs.

The rationale behind the development of the NSGM library was that while the sulfate groups will
offer GAG-like protein recognition features, the aromatic scaffold will impart hydrophobic characteristics.
These dual ionic and non-ionic forces of recognition are likely to enhance selectivity for the target protein
of interest. Using this concept, distinct NSGMs have been developed as promising anticoagulants [35],
antifibrinolytics [31], anticancer [39], anti-inflammatory [29], and antiviral agents [32]. More importantly,
our work has shown that initial “hits” can be systematically developed through an appropriate hit-to-lead
optimization strategy into potent and selective candidates, with favorable pharmacokinetic properties
and minimum adverse side-effects [30,36,40,42].

In this work, we screen a library of NSGMs using computational and in vitro techniques to identify
promising inhibitors of MMP-8. Our work shows, for the first time, that MMP-8 can be inhibited by
targeting electropositive GAG binding sites, and offers at least one promising small molecule inhibitor
of MMP-8.
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Figure 1. Structures of the 58 non-saccharide glycosaminoglycans (GAGs) mimetics (NSGMs)
studied against MMP-8. The synthesis and characterization of these molecules has been previously
reported [30,31,38–41].

2. Materials and Methods

2.1. Materials

Human pro-MMP-8 was purchased from R&D Systems (Minneapolis, MN, USA). p-aminomercuric
acetate and MMP-8 fluorogenic substrate (DNP-Pro-Leu-Ala-Tyr-Trp-Ala-Arg) were obtained from
Sigma-Aldrich (St. Louis, MO). MMP-9 inhibitor screening assay kit was obtained from Abcam
(Cambridge, UK). All other reagents were purchased from Fisher Scientific (Waltham, MA, USA).

2.2. Chemistry

The synthetic scheme of the NSGMs was previously reported [30,31,38–41]. All the molecules
were characterized by NMR and ultra-performance liquid chromatography (UPLC) − electrospray
ionization mass spectrometry (ESI-MS). The purity of each agent was >95%, as analyzed by UPLC-MS.

2.3. Direct Inhibition Studies

NSGMs were screened for the inhibition of MMP-8 using a fluorogenic substrate assay, as described
earlier [20]. Briefly, 100 µg/mL pro-MMP-8 was activated by incubating with 1mM p-aminomercuric
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acetate at 37 ◦C for 1 hr. Activated MMP-8 (10 nM, final) was then incubated with NSGMs (100 µM,
final) in Tris-buffered saline containing 10 mM CaCl2,1 µM ZnCl2, pH 7.5 for 10 min at 37 ◦C. Residual
MMP-8 activity was measured by adding the fluorogenic substrate (DNP-Pro-Leu-Ala- Tyr-Trp-Ala-Arg,
20 µM, final) and monitoring initial linear rate of increase in fluorescence. IC50s were calculated
using the following equation, Y = Y0 +

YM−Y0

1+10(log[I]0−logIC50)×HS . Y is the ratio of residual enzyme activity
in the presence of NSGM to that in its absence, Y0 and YM are the minimal and maximal values of Y,
respectively, obtained following regression, and HS is the Hill slope of inhibition.

Screening of sulfated benzofurans and quinazolinones (100 µM, final) against MMP-9 was performed
using a commercially available assay kit (Abcam catalog #ab139448) following manufacturer’s protocol.
All experiments were performed at least twice in duplicates.

2.4. Molecular Modeling Studies

The X-ray crystal structures of MMP-2 (PDB ID: 1CK7), MMP-8 (PDB ID: 5H8X) and MMP-9 (PDB
ID: 2OW1) were retrieved from RCSB protein data bank and the electrostatic surface potential (ESP)
maps calculated using PyMOL (Molecular Graphics System, Schrödinger, NY). MMP-8 was prepared
for docking by removing water molecules, adding polar hydrogens, Kollman charges and solvation
parameters using MGL (Molecular Graphics Laboratory) Tools of AutoDock 4.2 (Scripps Research, CA)
to generate pdbqt files. Docking was performed in two stages. First, to identify a potential binding
site of NSGMs, a blind docking was performed using a grid box of 100 × 100 × 100 Å with 0.375 Å
grid spacing to include all the amino acid residues. A short search of 10 runs with 250,000 evaluations
per run was performed with Lamarckian Genetic Algorithm (LGA) docking. Later, based on the
results of this initial blind docking, a more stringent grid with a radius of 16 Å was defined and the
evaluations increased to 25000000. The top 10 binding poses were then individually analyzed, and the
pose favoring the best score with least root-mean-square difference was chosen. The interactions of
the docked poses were analyzed using PyMOL or LigPlot+ (European Molecular Biology Laboratory,
Heidelberg, Germany).

3. Results and Discussions

3.1. GAG Binding Potential of MMP-8

To assess whether MMP-8 is likely to interact with GAGs, we evaluated its electrostatic surface
potential (ESP), as discussed in the literature (Figure 2A) [43]. The ESP map of MMP-8 revealed a
catalytic site surrounded by electropositive residues that may serve as GAG or NSGM interacting
residues. In fact, multiple electropositive microdomains are located close by, which could possibly
favor binding to dimeric and/or trimeric GAG-like NSGM molecules. Thus, we reasoned that there is a
high probability of identifying an NSGM that inhibits MMP-8.

Interestingly, we noted that the S1
′

pocket of MMP-8 is fairly electropositive in nature. The S1
′

pocket is the most varied among the different MMPs. In fact, MMPs can be grouped in the order of the
depth of their S1

′

pockets. MMPs have either “shallow”, “intermediate”, or “deep” S1
′

pockets [3,44].
MMP-8 is categorized as one with an “intermediate” S1

′

pocket. Apart from the size of the S1
′

pocket,
the residues in the S1

′

specificity loop are also considerably different among different MMPs [45].
These differences in the S1

′

pocket and its specificity loop are currently being exploited to develop
selective MMP inhibitors [44]. Thus, to assess if the electropositive nature of the S1

′

pocket is common
among MMPs in the “intermediate” category, we analyzed the ESPs of MMP-2 and -9, two other
“intermediate” S1

′

MMPs [3]. Surprisingly, both MMP-2 and -9 displayed an electronegative S1
′

pocket
in comparison with that of MMP-8 (Figure 2B,C). Considering these differences in the S1

′

pocket of
MMP-8 with closely related MMPs, we predicted that the inhibition of MMP-8 by GAGs or NSGMs
that target the S1

′

pocket is likely to yield a good selectivity.
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Figure 2. Electrostatic surface potential (ESP) map of MMP-8 (A), MMP-9 (B), and MMP-2 (C) showing
electropositive regions (colored blue) that may serve as the site of binding for GAGs and NSGMs.
Catalytic Zn2+ is shown as a yellow sphere. Note the differences in the nature of ESPs between closely
related MMPs, particularly inside the S1

′

pocket (blue vs. red), despite their relatively good sequence
similarity/homology.

3.2. Structure−Activity Relationships for the Library of NSGMs

To test our hypotheses, we screened our NSGM library against MMP-8 using a fluorogenic
substrate hydrolysis assay, as described previously [20]. The screening of the NSGM library resulted in
a wide range of inhibitor efficacies (0–100%) against MMP-8 (Figure 3). Interestingly, the inhibition
appeared to be related to certain sulfated scaffolds with a majority, e.g., apigenins, catechin, glucoside,
inositol, luteolin, morin, phloretin, quercetins, and resveratrol, showing minimal inhibition of MMP-8.
This is unusual, because one would expect that the highly sulfated agents, e.g., those carrying more
than six sulfate groups, could be expected to target electropositive surfaces more easily. Yet, the results
imply that the electropositive regions on MMP-8 are very discriminatory.
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Figure 3. Residual activity of MMP-8 (10 nM) in the presence of each NSGM (100 µM) in Tris-buffered
saline containing 10 mM CaCl2, 1 µM ZnCl2, pH 7.5 for 10 min at 37 ◦C. The residual MMP-8 activity
was measured using a fluorogenic substrate. All of the measurements were performed at least in
duplicate. Error bars represent ± 1 standard deviation (SD).

Only five NSGMs (26, 38, 40, 41, and 42) demonstrated an excellent MMP-8 inhibition (>80%).
These NSGMs belong to the sulfated benzofuran and sulfated quinazolinone scaffolds. When profiled
for the quantitative measurement of MMP-8 potency (Figure 4), the five MMP-8 inhibitors were found
to exhibit a three-fold range of potency (IC50 = 11–34 µM, Table 2).
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Figure 4. Direct MMP-8 inhibition profiles of the most promising NSGMs, including 26, 38, 40, 41,
and 42, at pH 7.5 and 37 ◦C. Solid lines represent the data fitted to the standard sigmoidal dose−response
equation to derive IC50 and ∆Y, which refer to the potency and efficacy of inhibition, respectively.

Table 2. Direct inhibition of MMP-8 by selected NSGMs.

NSGM IC50 (µM) a
∆Y (%) a

26 13 ± 1 b 75 ± 3
38 11 ± 1 99 ± 6
40 25 ± 1 100 ± 2
41 15 ± 1 97 ± 2
42 34 ± 4 98 ± 8

a Obtained by regression analysis of the dose-dependence of the MMP-8 activity in Tris-buffered saline containing
10 mM CaCl2, 1 µM ZnCl2, pH 7.5, at 37 ◦C. IC50 and ∆Y refer to potency and efficacy of inhibition, respectively.
b Error refers to ± 1 SD.

At the level of the MMP-8–GAG system, these results are interesting on several fronts.
First, the inhibition profiles support the hypothesis that the family of NSGMs is likely to yield
an MMP-8 inhibitor, given its structural diversity. The five NSGMs could be classified as “hits” with
moderate potency, which will require secondary drug design efforts to yield “lead(s)”. Second, the hit
yield, i.e., only 5 out of the 58 studied, is relatively low, which suggests excellent weeding-out
by MMP-8. Third, not all NSGMs inhibit MMP-8 fully (∆Y > 90%). The lone sulfated benzofuran 26
displays a partial inhibition profile (∆Y = 75%), which presents the possibility of regulating the MMP-8
activity (∆Y = 20–80%), rather than knocking it out completely. Recently, small molecule regulation
of soluble enzymes has been discovered and was found to offer beneficial properties [38,46,47].
Similarly, regulation of the MMP-8–NSGM 26 system may offer the benefit of retaining basal levels
of the MMP-8 activity that is critical for optimal growth. Fourth, the result that none of the highly
sulfated mimetics (NSGMs 1–14, 57, or 58), which carry more than six sulfate groups, were active
against MMP-8 (Figure 3) implies significant contributions of the aromatic groups. This supports the
hypothesis on dual ionic and non-ionic forces governing recognition.

Among the sulfated benzofurans, the closely related monomers (15–25) and dimers (27–35) did
not inhibit MMP-8 in contrast to 26, which was one of the three most active NSGMs. In each case,
the structural changes were primarily in the terminal substituents (R1 and R4, Figure 1), suggesting a
stringent size dependence. Among the sulfated quinazolinones 36–42, agents with linkers of less than
six carbons did not inhibit MMP-8. This implies that the NSGM binding site on MMP-8 is likely to
contain two sub-sites spaced several angstroms apart.

3.3. Computational Analysis of the Preferred Site of NSGMs Binding to MMP-8

To identify a plausible site of binding of the active sulfated benzofurans and sulfated
quinazolinones, we performed genetic algorithm-based molecular docking and scoring studies.
Docking was performed using the available MMP-8 crystal structure (PDB ID: 5H8X) and AutoDock 4.2
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(Scripps Research). The studies revealed that the sulfate group of NSGM 26 interacts with the catalytic
Zn2+ and the triad of histidine residues (H197, H201, and H207, Figure 5A,B). This is similar to the
previously reported interactions of MMPs with the phosphate groups [48]. Additionally, the oxygen
atoms of the furan ring and the linker form a bidentate interaction with S151 (Figure 5B), and the
aromatic substituent at the R4 position contributes towards hydrophobic and cation-Π interactions
with residues in the unprimed S2 and S3 pockets. In contrast, other sulfated benzofurans did not have
any interaction with S151, either because of their sub-optimal chain length (NSGMs 15–25) or the
bulk of their substituents (NSGMs 27–35). This explained the observed lack of MMP-8 inhibition with
these NSGMs.

 

Π

 

Figure 5. (A) Surface representation of MMP-8 (cyan) showing the potential interacting sites of sulfated
benzofuran 26 (blue) and sulfated quinazolinone 38 (magenta). The S1

′

pocket and specificity loop
are shown in pale yellow and orange, respectively. (B,C) Polar interactions of NSGM 26 (B, shown in
sticks) and NSGM 38 (C, shown in sticks) with MMP-8 (cartoon). Interacting residues of MMP-8 are
shown as lines, catalytic Zn+2 ion as a sphere, and polar interactions as grey dotted lines.

In the manner of NSGM 26, sulfated quinazolinone dimers 36–42 also bound near the catalytic
site of MMP-8 (Figure 5A,C). For NSGM 38, one monomeric unit of the quinazolinone was found
to insert deep into the S1

′

pocket (shown as a pale-yellow surface in Figure 5A), which resulted in
a strong binding of the sulfate with L193, L214, A220, and R222 (Figure 5C). The insertion of the
quinazolinone ring into the S1

′

pocket positioned the triazole linker close to the catalytic Zn+2 ion.
However, based on these experiments, NSGM 38 did not make polar interactions with the catalytic
Zn+2 or the histidine triad. Instead, the nitrogen atom of the triazole ring, along with the nitrogen of
the quinazolinone ring form hydrogen bonds with the backbone oxygen of P217. Additional polar,
hydrophobic, and cation-Π interactions were observed with multiple residues present in the site of
binding (see Table S2). The insertion of sulfated quinazolinone dimers (36–42) in the S1

′

pocket of
MMP-8 and their interactions with the residues in the S1

′

specificity loop is particularly interesting
(Figure 5A). Such GAG-like molecules inhibiting MMP-8 by binding in the electropositive S1

′

pocket
have the potential to be selective towards MMP-8. Thus, the identification of NSGM hits in this
work is likely to be of significant value for both drug discovery and chemical biology campaigns
against MMP-8.

Several other aspects of structure–activity dependence were also observed. For example, when one
of the molecules of quinazolinone in the dimers that inhibited MMP-8 (38, 40, 41, and 42) was replaced
with quercetin, the resulting quercetin–quinazolinone heterodimers (43–46) lost their inhibition towards
MMP-8 (Figure 3). Although the core scaffold of quinazolinones and quercetins studied here are very
similar, i.e., fused bicyclic ring attached to a phenyl group, the presence of three sulfate groups on the
quercetins compared with one sulfate on the quinazolinones adds both steric bulk and negative charges.
Based on computational modeling, this addition of steric bulk drives the heterodimeric molecules
away from the S1

′

pocket (Figure S1), resulting in a loss of MMP-8 inhibition.
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3.4. Sulfated Quinazolinones Do Not Inhibit MMP-9

We next turned our attention to MMP-targeting selectivity studies. Considering that MMP-9
is the most closely related metalloenzyme to MMP-8, and as it belongs to the “intermediate” S1

′

pocket category like MMP-8, we screened sulfated benzofurans and sulfated quinazolinones against
MMP-9. NSGM 26 also inhibited MMP-9 reasonably well (Figure 6). This was not too unusual,
because its inhibition of MMP-8 was predicted to arise from coordination with the catalytic Zn2+ and
histidine triad (see Figure 5B), which is known to be the origin of a lack of selectivity associated with
many inhibitors of MMPs. Another sulfated benzofuran, NSGM 29, which did not inhibit MMP-8,
also showed >80% inhibition of MMP-9. Thus, the future use of sulfated benzofurans as MMP-8 hits is
likely to be beset with such non-selectivity concerns.
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Figure 6. Screening of NSGM 15–42 at 100 µM against MMP-9. Experiments were performed using
a commercially available assay kit (Abcam, Cambridge, U.K.) in at least duplicates. Error bars
represent ± 1 SD.

In contrast, the sulfated quinazolinones did not inhibit MMP-9 significantly (Figure 6),
thus displaying >10-fold selectivity for MMP-8 over MMP-9. Considering that the predicted mode of
binding of sulfated quinazolinones does not involve a strong engagement of the catalytic Zn2+ or the
histidine triad (see Figure 5C), the observation of a lack of MMP-9 activity is encouraging. The sulfate
group of 38, inserted in the S1

′

pocket, forms hydrogen and ionic bond interactions with A220 and R222,
respectively, of MMP-8. At the corresponding positions in MMP-9, there is neither an arginine nor an
alanine, which supports the observed lack of inhibition. In fact, the arginine at 222 is found in only one
other MMP (MMP-28), and the alanine at 220 is not present in any other MMPs [45]. Thus, it is possible
that NSGM 38 is an excellent hit with a high potential for selectivity of MMP-8. This hypothesis will
need to be further experimentally validated through extended selectivity studies.

Overall, our “hit” NSGMs are the first group of GAG-related inhibitors of MMP-8. Given the
urgent need and lack of efforts directed towards developing MMP-8 inhibitors, these NSGMs offer
a unique starting point for further structure-guided hit-to-lead optimization studies. Two major
optimization routes could be considered, namely: (1) Our modeling insights convey that the use
of a biphenyl substituent, instead of a phenyl substituent, on the sulfated quinazolinone would
lead to a greater reach of a potential inhibitor inside the S1

′

pocket. This should enhance both
the potency and selectivity. In fact, a peptide-hydroxamate containing a biphenyl substituent was
previously shown to inhibit MMP-8 with a low nanomolar potency by occupying the S1

′

pocket [49].
However, because of the strong Zn+2 chelating nature, metabolic instability, and toxicity associated
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with hydroxamates, these molecules failed in the clinical trials [3,16]. (2) Increasing the polarity of
the linker by changing it from an alkyl-based chain to an ethylene glycol-based chain would likely
result in polar interactions with the residues lining the S2 and S3 pockets. This should also enhance the
potency and perhaps selectivity.

4. Conclusions

The present study shows, for the first time, the possibility of inhibiting MMP-8 by targeting
electropositive GAG binding sites, and identifies two new small molecule GAG-mimicking sulfated
scaffolds, the sulfated benzofurans and sulfated quinazolinones, as inhibitors of MMP-8. Of these,
the sulfated benzofurans appear to be broad-spectrum MMP inhibitors because of their engagement
of the catalytic Zn2+ and histidines. In contrast, the sulfated quinazolinones bind in the S1

′

pocket
of MMP-8, thereby enhancing the selectivity of inhibition. Considering that several NSGM-based
initial hits have been transformed through hit-to-lead optimization strategies into potent and selective
candidates [30,36], the potential to transform NSGM 38 into a promising drug-like candidate or a
chemical biology tool is high.
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Figure S1: Comparison of the mode of binding of 38 and 43 on MMP-8. Figure S2: Mode of binding of the top five
NSGM inhibitors (26, 38, 40, 41, and 42) of MMP-8 (shown in ESP map). Table S1: General structure of MMP-8
inhibitors developed to date, Table S2: List of interactions made by NSGMs with MMP-8.
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Abstract: Articular cartilage is considered to have limited regenerative capacity, which has led to
the search for therapies to limit or halt the progression of its destruction. Perlecan, a multifunctional
heparan sulphate (HS) proteoglycan, promotes embryonic cartilage development and stabilises the
mature tissue. We investigated the immunolocalisation of perlecan and collagen between donor-
matched biopsies of human articular cartilage defects (n = 10 × 2) that were repaired either naturally
or using autologous cell therapy, and with age-matched normal cartilage. We explored how the
removal of HS from perlecan affects human chondrocytes in vitro. Immunohistochemistry showed
both a pericellular and diffuse matrix staining pattern for perlecan in both natural and cell therapy
repaired cartilage, which related to whether the morphology of the newly formed tissue was hyaline
cartilage or fibrocartilage. Immunostaining for perlecan was significantly greater in both these repair
tissues compared to normal age-matched controls. The immunolocalisation of collagens type III
and VI was also dependent on tissue morphology. Heparanase treatment of chondrocytes in vitro
resulted in significantly increased proliferation, while the expression of key chondrogenic surface
and genetic markers was unaffected. Perlecan was more prominent in chondrocyte clusters than in
individual cells after heparanase treatment. Heparanase treatment could be a means of increasing
chondrocyte responsiveness to cartilage injury and perhaps to improve repair of defects.

Keywords: human articular cartilage; perlecan; heparan sulphate; heparanase; cartilage repair;
natural repair; chondrocytes

1. Introduction

Articular cartilage can withstand compressive, tensile and shear loading and provides
efficient articulation of diarthrodial joints. If left untreated, damaged articular cartilage in a
joint can lead to osteoarthritis (OA) and ultimately joint failure [1,2]. Cell-based therapies
have been developed to promote cartilage repair and the regeneration of complex articular
structure to help patients with damaged or degenerate cartilage [3,4].

It is commonly reported that adult articular cartilage has a limited capacity for self-
regeneration [5]; however, a growing body of evidence from in vitro and in vivo models
suggests that in some cases, cartilage can undergo some form of natural repair [6,7]. A
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bovine explant model of cartilage healing showed that both young and mature animals
produced an outgrowth of tissue from the artificially damaged sites, but with young tissues
generating more hyaline-like cartilage [6]. In humans, magnetic resonance imaging (MRI)
observation of the knees of healthy subjects showed that some cartilage defects (tibial and
patellar) reduced in size or were completely filled between a baseline scan and a two year
follow up [7]. A natural healing response was also seen in some cartilage lesions of subjects
with anterior cruciate ligament (ACL) injuries 6–56 months after reconstructive surgery to
repair the ligament damage [8]. The mechanisms by which articular cartilage repairs itself
is poorly understood, but is believed to involve an interplay between cellular, biochemical
and mechanical factors [9–11].

Perlecan, also known as heparan sulphate proteoglycan-2, is a modular, multifunc-
tional proteoglycan with an ability to promote chondrocyte proliferation, differentiation
and matrix synthesis through its interactions with a large repertoire of ligands includ-
ing growth factors, morphogens and extracellular matrix (ECM)-stabilising glycopro-
teins [12,13]. One of the glycosaminoglycans contained in perlecan, heparan sulphate
(HS), is a vital extracellular component. Its cleavage causes matrix remodelling through
the release of HS-bound cytokines, growth factors, morphogens, proteases and inhibitory
proteins which regulate many cellular pathological and physiological processes [14,15].
Perlecan, through its HS chains, has chondrogenic properties and is able to regulate cell
signalling, matrix assembly and new tissue formation [12,16,17]. These attributes make
perlecan an important candidate molecule when trying to understand how cartilage repairs
itself. Hence, harnessing these attributes could also be beneficial in promoting the repair
of damaged articular cartilage in human joints. Heparanase is an endo-β-glucuronidase
cleaving the β(1,4)-glycosidic linkages between GlcN and GlcA in heparan sulphate (HS),
and is the only known mammalian enzyme displaying this glycolytic activity [18].

Interactions between perlecan and collagen type VI have been well established [19]
and, like perlecan, collagen type VI is believed to be involved in chondrocyte adhesion,
integrity and matrix interactions [20,21]. Collagen type III is another minor collagen found
in articular cartilage and has been suggested to have a role in reinforcing the cartilage
matrix as part of a healing response to matrix damage [22,23].

In the present study, we have immunolocalised perlecan and types III and VI collagen
for the first time in donor-matched samples of naturally and cell therapy repaired articular
cartilage of the human knee. We have also investigated whether the phenotype and
proliferation of cultured human chondrocytes was affected by the removal of cell surface
HS. We hypothesise that the distribution of perlecan in repaired adult cartilage mimics its
distribution in embryological cartilage.

2. Materials and Methods
2.1. Tissue Samples and Histology

The National Research Ethics Service (11/NW/0875) gave ethical approval and in-
formed written consent was obtained from patients undergoing autologous cell therapy for
cartilage defects in their knee (n = 10, aged 29–51 years). This procedure entails harvesting
~200 mg macroscopically healthy cartilage, usually from the trochlea, from which chondro-
cytes are isolated and culture expanded in monolayer, prior to re-implantation in the defect
site, usually on the patella or lateral/medial femoral condyles (LFC/MFC) [3]. At approxi-
mately 12 months post-implantation, full-depth cartilage biopsies with subchondral bone
(1.8 mm diameter) were obtained using a juvenile bone-marrow biopsy needle from both
the harvest site (naturally repaired) and the defect site where the cells had been implanted
(cell-treated repair). The location of these was ensured via the use of knee maps [24], where
the location of each procedure is recorded at the time of original surgery. Macroscopically
healthy cartilage was also obtained from the knees of five cadavers (aged 21–63 years) and
four donors undergoing total knee arthroplasty for OA (aged 51–81 years). A description
of the donor demographics and tissue samples used in the following experiments can be
found in Table 1. Healthy cadaveric cartilage from donors 11–14 was obtained within 24 h
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of death from the UK Human Tissue Bank with approval by the Trent Research Ethics
Committee (UK). Full-depth core biopsies of other samples (from TKR and natural and cell
therapy repair patients) of cartilage and underlying bone were snap frozen within 2–4 h of
harvesting in liquid nitrogen-cooled hexane and stored at −196 ◦C until cryosectioning.
Cores were embedded into tissue-freezing medium (Leica) and cryosectioned at 7 µm
thickness onto poly-L-lysine-coated slides. Cryosections were then stained with either
haematoxylin and eosin (H&E) or toluidine blue for the assessment of general morphology
and proteoglycan content of the cartilage, respectively. Collagen fibre organisation and
orientation were assessed under polarised light. The quality of the repaired cartilage was
assessed and scored semi-quantitatively using both the International Cartilage Repair
Society II Histology Score (ICRS II) [25] and the Oswestry Score [26], where a higher score
in each system represents better-quality cartilage.

Table 1. Donor demographics and samples.

Donor. Gender Age Surgical Intervention
Tissue Used

(Experiments)

Tissue Location

Natural Repaired
Cell Therapy

Repaired

1 F 42 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea LFC

2 M 22 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea MFC

3 M 41 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea LFC

4 M 29 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea Patella

5 M 30 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea Patella

6 M 34 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea MFC

7 F 36 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea Patellar

8 M 51 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea MFC

9 M 37 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea Patella

10 M 43 Follow-up arthroscopy Naturally and cell
repaired cartilage (IHC) Central Trochlea Trochlea

11 Unknown 21 Cadaver Healthy cartilage (IHC) MFC

12 Unknown 30 Cadaver Healthy cartilage (IHC) MFC

13 Unknown 40 Cadaver Healthy cartilage (IHC) MFC

14 Unknown 50 Cadaver Healthy cartilage (IHC) MFC

15 M 63 Cadaver Healthy cartilage (IHC) MFC

16 M 71 TKR
Chondrocytes

(heparanase treatment,
FC, RT-qPCR)

LFC/MFC
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Table 1. Cont.

Donor. Gender Age Surgical Intervention
Tissue Used

(Experiments)

Tissue Location

Natural Repaired
Cell Therapy

Repaired

17 F 81 TKR
Chondrocytes

(heparanase treatment,
FC, RT-qPCR)

LFC/MFC

18 F 51 TKR
Chondrocytes

(heparanase treatment,
FC, RT-qPCR)

LFC/MFC

19 M 74 TKR
Chondrocytes

(heparanase treatment,
FC, RT-qPCR)

LFC/MFC

20 M 22 Cadaver
Chondrocytes

(heparanase treatment,
FC, RT-qPCR)

LFC/MFC

FC = flow cytometry, IHC = immunohistochemistry, TKR = total knee replacement, ACI = autologous chondrocyte implantation,
LFC = lateral femoral condyle, and MFC = medial femoral condyle.

2.2. Immunohistochemistry

Cryosections were brought to room temperature and treated with 4800 U/mL
hyaluronidase (Sigma, Merck Life Science UK, Dorset, UK) for 2 h and fixed with 4%
formaldehyde for 10 min. Slides were washed 3 times in phosphate buffered saline (PBS)
between all steps and all steps were performed at room temperature. Goat and horse
serum were used to block non-specific binding of the primary mouse and rabbit antibodies,
respectively (30 min). Sections were then incubated with mouse monoclonal primary
antibodies against perlecan (clone A74, Abcam, Cambridge, UK), collagen type III (clone
FH-7A, Abcam) and a polyclonal rabbit antibody to bovine collagen type VI (kindly gifted
by Shirley Ayad, University of Manchester, UK) for 60 min, then incubated with biotiny-
lated goat anti-mouse and horse anti-rabbit secondary antibodies (Vectastain Elite ABC
kit, Vector Laboratories, Upper Heyford, UK) for monoclonal and polyclonal primary
antibodies, respectively, for 30 min. An isotype-matched IgG was used in place of the
primary monoclonal antibodies (R&D, Cat No MAB002) as a negative control and normal
rabbit serum (Abcam, Cat no ab7487) for the polyclonal, and 0.3% hydrogen peroxide
in methanol was used to block endogenous peroxidase activity (30 min). The Vectastain
Elite ABC kit (Vector Laboratories) was used to enhance labelling and the ImmPACT®

DAB Peroxidase substrate (Vector Laboratories) was used to reveal staining. The sections
were dehydrated in serial solutions of 70%, 90% and 100% isopropanol (2 min each) and
cleared in xylene (2 × 5 min). The slides were mounted in Pertex (CellPath, Newtown, UK)
before imaging.

A semi-quantitative score was developed to assess the immunolocalisation and degree
of staining for perlecan in the superficial, mid, and deep zones of the cartilage biopsies.
Each zone was scored separately as 0 = no staining, 1 = pericellular staining, 2 = mixture of
pericellular and matrix staining, or 3 = matrix staining. Each sample was then given an
overall score which was a summation of the scores for the three zones. A high overall score
equates to a more widespread matrix immunostaining, whereas a low score equates to
more restricted pericellular staining throughout the tissue. Image analysis was performed
using FIJI-ImageJ software (Version 1.5), using the Colour Deconvolution and Threshold
plugins to establish the levels of perlecan staining as a percentage of the total area of
the section.
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2.3. Isolation and Culture of Chondrocytes

Chondrocytes were isolated from macroscopically normal cartilage taken from four
patients having arthroplasty and one cadaver (Table 1), as previously described [27].
In brief, cartilage tissues were minced and digested for 16 h with collagenase type II
(250 IU/mg dry weight, Worthington, New Jersey, USA) at 37 ◦C. The extracted cells, were
seeded at 5000 cell/cm2 in complete culture media containing Dulbecco’s Modified Eagle’s
Medium/F-12 (DMEM/F-12) with 1% (v/v) penicillin/streptomycin (P/S) and 10% (v/v)
foetal calf serum (all Life Technologies, Loughborough, UK). Chondrocytes were passaged
at 70–80% confluence and cultured to passage 2 (P2).

2.4. Heparanase Treatment of Chondrocytes and Live Cell Imaging

At P2, chondrocytes were seeded into 12-well plates at or in chamber slides (with
8 chambers) 5200 cells/cm2, and treated with complete media supplemented with or
without 200 ng/mL of recombinant active human heparanase (Bio-Techne, Abingdon, UK;
20 ng of enzyme results in >50% of optical density (OD) reduction as measured by heparan
sulphate release from human syndecan-4) for 48 h. The 12-well plate was placed in a
Cell-IQ (ChipMan Technologies, Tampere, Finland) live imaging platform to acquire phase
contrast images of all wells, every ten minutes, during the 48-h culture. A built-in analysis
software in the Cell-IQ was used to determine the number of cells in each image to produce
growth curves of cells treated with heparanase, in comparison to control cells with no
enzyme. The mean and standard deviation of the cell counts from three fields of view from
three separate repeat wells were taken. After 48 h, the cells were harvested and prepared
for multichromatic flow cytometry and real-time quantitative polymerase chain reaction
(RT-qPCR) analysis.

The cells within the chamber slides were washed three times with PBS, fixed with
paraformaldehyde for 10 min and chamber slides were stored at 4 ◦C until used for
immunocytochemistry.

2.5. Immunocytochemistry and Toluidine Blue Staining of Heparanase-Treated Chondrocytes

Chamber slides were brought to room temperate and the PBS replaced with 0.2%
Tween 20 for 10 min to permeabilise the cells. After three washes with PBS, the same stain-
ing protocol used for immunohistochemistry (see Section 2.2) was followed to reveal the
presence of perlecan on the adherent cells, with the addition of a haematoxylin counterstain
(diluted 1:3) for 5 s before the slides were mounted in Pertex.

To visualise the presence of glycosaminoglycans, chamber slides were brought to room
temperate and the PBS replaced with toluidine blue for 30 s, then washed with distilled
water for 5 min. The slides were dehydrated in 70%, 90% and 100% isopropanol (2 min
each) and cleared in xylene (2 × 5 min). The slides were mounted in Pertex for imaging.

2.6. Multichromatic Flow Cytometry

A panel of 12 surface markers was used in multichromatic flow cytometry to assess
the phenotype of the cells. The harvested cells were blocked with human IgG (Grifols,
Cambridge, UK) for 1 h, washed with PBS and incubated for 30 min with antibodies against
the mesenchymal stromal/stem cell (MSC) markers CD73, CD90 and CD105 putative
chondropotency markers CD151, CD166, FGFR3, CD44 and integrins CD29, CD49a, CD49b
CD49c, CD51/CD61 (all BD Biosciences, except for FGFR-3 which was sourced from R&D
Systems). The matching isotype controls for each antibody were also prepared according
to manufacturer’s recommendations. At least 5000 cells were measured per marker via a
FACS Canto II cytometer and analysis was performed using the FACS Diva software.

2.7. RNA Extraction and Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR)

To determine the effects of the heparanase treatment on gene expression, RNA was
extracted using the RNeasy® mini kit (Qiagen, Manchester, UK) and cDNA was generated
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using a High-Capacity cDNA Reverse Transcriptase Kit® (Applied Biosystems, Lough-
borough, UK) according to the manufacturers’ protocols. RT-qPCR was performed on a
QuantStudio 3 real-time PCR system (Applied Biosystems) using SYBR green QuantiTect
primer assays (Qiagen) to assess the gene expression of Sox-9 (SOX9), aggrecan (ACAN),
collagen type II (COL2A1), fibroblast growth factor receptor 3 (FGFR3), collagen type
X (COL10) and activin receptor-like kinase (ALK-1). Peptidylprolyl Isomerase A (PPIA)
and TATA-box binding protein (TBP) were used as reference genes and the delta-delta
Ct method was employed to determine the relative fold change in gene expression levels
between heparanase-treated and untreated cells.

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 7. The Shapiro–Wilk
test was used to determine the normality of data. T-tests and Pearson’s test were used
to compare and correlate histology and immunohistochemistry scores, respectively. A
two-way ANOVA with multiple comparisons was used to analyse the growth kinetics of
the cells treated with heparanase and a paired, one-sample t-test for the fold change in
gene expression. A p-value ≤ 0.05 was considered statistically significant.

3. Results
3.1. Morphological Structure of Healthy and Repaired Cartilage

The general morphology of the repaired tissue biopsies was very variable, more
so for the naturally repaired samples than the cell therapy repaired samples. Overall,
donor-matched natural and cell therapy repaired samples showed no distinguishable
trend or correlation in terms of tissue morphology (Figure 1). Of the naturally repaired
biopsies, 3/10 were predominantly hyaline and 4/10 fibrocartilage, 1/10 was a mixture
of hyaline and fibrocartilage and 2/10 were a fibrous morphology. Of the cell therapy
repaired biopsies, 7/10 were fibrocartilage and 3/10 were of a mixed hyaline/fibrocartilage
morphology with no discernible differences in tissue morphology noted with varying
anatomical location of the repair cartilage site. The ICRS overall histology score was not
significantly different between naturally repaired and cell therapy repaired samples (mean
scores of 5.6 ± 1.9 SD and 5.1 ± 0.8 SD, respectively, p = 0.393). Matrix metachromasia was
generally better in the cell therapy repaired cartilage samples than in the naturally repaired
ones. Cell morphology was marginally better in the cell therapy repaired biopsies, but not
significantly different to the naturally repaired biopsies. Vascularisation was observed in
6/10 naturally repaired biopsies, but not in the cell therapy repaired or normal samples.

3.2. Perlecan and Collagen Types III and VI Have a Diffuse Immunolocalisation in Repair
Cartilage Tissues

Perlecan was localised in a discrete manner in the pericellular matrix around chondro-
cytes in healthy cartilage (Figure 2A,B). However, in naturally and cell therapy repaired
cartilage staining for perlecan was seen in a pericellular location in some biopsies, diffusely
throughout the matrix in others or both patterns within others. Where fibrocartilage was
more abundant, perlecan was more diffuse in the cartilage matrix with some strong stain-
ing around chondrocytes, which was strikingly different to healthy cartilage as illustrated
in Figure 2C,D, showing donors 10 and 9, respectively. In both natural and cell therapy
repaired tissues where hyaline cartilage was visible, perlecan was mostly localised in the
pericellular regions, but more prominently than in normal cartilage (Figure 2E, showing
donor 2). The more elongated cells within fibrocartilaginous repair tissue were generally
weak or moderately stained for perlecan, compared to the more rounded chondrocytes in
hyaline cartilage (both repair and normal cartilage) which had strong pericellular perlecan
immunostaining. Disorganised fibrous tissue was associated with weak matrix perlecan
staining. Isotype controls are shown in Figure S1.
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μm.

Figure 1. Representative histology images of cartilage repair biopsies from the same donor. Natural
repair (A) and cell therapy repair (B) cryosections were stained with haematoxylin and eosin (H&E)
to assess general morphology and toluidine blue (TB) to assess proteoglycan content; both samples
demonstrated good to excellent matrix metachromasia. Polarised light was used to assess collagen
fibre orientation and determine tissue morphology. The natural repair cartilage demonstrated a
mostly hyaline (h) morphology whilst the cell therapy repair cartilage was mostly fibrocartilage (f).
Scale bars 500 µm.

The perlecan immunohistochemistry scores were similar between the two repair
tissues, with no noticeable trend when comparing individual donor-matched samples
(Figure 3A). Image analysis of the percentage of perlecan staining in the tissues showed
that naturally repaired and cell therapy repaired cartilage had significantly more staining
than the healthy tissues (p = 0.017 and p = 0.018, respectively, Figure 3B). Interestingly, an
increase in the perlecan score significantly correlated with a better-quality cell therapy
repair, as defined by the ICRS II ‘overall score’ parameter (r = 0.75, p = 0.03, Figure 3C).
Perlecan was also strongly localised around small blood vessels that were visible in 6 of the
10 naturally repaired. No blood vessels were observed in either the cell therapy repaired
cartilage samples, or the healthy cartilage.
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Figure 2. Immunohistochemistry of perlecan. Monoclonal antibodies (A74) were used to detect the
presence of perlecan in cryosections of core biopsies. (A,B) Heathy cartilage (n = 5) from cadavers
all showed distinct pericellular staining for perlecan with a typically hyaline morphology. (C,D)
Naturally repaired cartilage (n = 10) from the harvest site of autologous cell therapy donors showed
heterogenous staining patterns, some having both widespread matrix and pericellular staining ((C),
donor 10), whilst in others there was diffuse matrix staining throughout ((D), donor 9). (E,F) Cell
therapy repaired (CT, n = 9) cartilage also showed a heterogenous localisation for perlecan, similar to
the naturally repaired tissues. The sample depicted in (E) (donor 2) shows pericellular staining for
perlecan in repair tissue with hyaline cartilage morphology, but not as discretely as in the healthy
tissues. The sample depicted in (F) (donor 7) shows predominantly matrix immunolocalisation of
perlecan. Scale bars show 300 µm for low magnification images and 100 µm for high magnification
inserts. Isotype controls found in Supplementary Figure S1A–C.
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therapy repair, as defined by the ICRS II ‘overall score’ parameter (r =

−0.4

– –

Figure 3. Analysis of tissue morphology and perlecan staining. (A) The perlecan immunohistochemistry score gives a
general idea of the localisation (pericellular, non-pericellular, mixed) of perlecan in the deep, middle and superficial zones
of cartilage. The zones were scored as 0 = no staining, 1 = pericellular staining, 2 = mixture of pericellular and matrix
staining, or 3 = matrix staining. The final perlecan score shown here is the summation of the scores for the three zones in
each sample. No difference was found between the donor-matched natural and cell therapy repaired tissues. Data show
the median with interquartile range. (B) Threshold image analysis confirmed a higher percentage of perlecan staining in
naturally repaired and CT repaired cartilage than in health cartilage. Perlecan was significantly more prominent in the
repair tissues compared to controls. (C) Regression analysis showed a positive correlation between the ICRS score and
perlecan immunohistochemical score (r = 0.75, p = 0.03) for cell therapy repaired, but not naturally repaired tissues (r = −0.4,
p = 0.25).

Collagen types III and VI generally exhibited a diffuse staining pattern throughout
the interterritorial matrix, covering 94.3 ± 8.9% (range 70–100) and 95.2 ± 7.1% (range
80–100) of the section area, respectively (Figure 4C,D). However, where there was hyaline
cartilage present in the repair tissues (Figure 4B), the staining pattern in these regions for
both collagen types III and VI was similar to what is typically observed in healthy cartilage
(Figure 4A) [28,29], with the pericellular matrix being immunonegative for collagen type III
and immunopositive for collagen type VI and the territorial matrix being immunopositive
for collagen type III and immunonegative for collagen type VI.
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Figure 4. Immunohistochemistry of collagen types III and VI. Monoclonal and polyclonal antibodies
were used to detect the presence of collagens type III and VI, respectively, in cryosections of core
biopsies. For the repair tissues, two donor-matched samples of natural and cell therapy (CT) repaired
cartilage are shown as representative examples (B + C = donor 7, D + E = donor 9). (A) Healthy
cartilage showing interterritorial staining for collagen type III and pericellular staining for type
VI (donor 15). (B,C) In this instance of hyaline-like cartilage in naturally repaired cartilage, the
collagen type III was localised in the interterritorial region while collagen type VI was localised in the
pericellular matrix. (D,E) Both collagens type III and VI are diffused in the matrix of fibrocartilage.
Scale bar = 500 µm. Isotype controls found in Figure S1D,E.

3.3. Heparanase Increases the Proliferation of Chondrocytes

No discernible difference in morphology was observed in chondrocytes cultured in
monolayer which had been treated with 200 ng/mL of heparanase compared to untreated
controls after 48 h (Figure 5A). Separate and combined growth plots are shown for the
individual donor cell populations tested in Figure 5B. Whilst there is variation between
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donors, a combined assessment of the cell populations showed that, for the first 20 h, the
heparanase-treated and control chondrocytes showed similar growth rates, but diverged
from 24 h onwards with treated cells showing significantly higher proliferation rates than
untreated control cells between 32 and 48 h (Figure 5B, bottom right plot).

Figure 5. Morphology and growth kinetics of chondrocytes after treatment with heparanase (n = 5). (A) Phase contrast
images were acquired for control and heparanase-treated chondrocytes every 10 min at precise locations for 48 h. The
representative images shown are of chondrocytes from donor 20 at t = 0 h and t = 48 h. (B) Growth kinetics of chondrocytes
were established using a live cell imaging platform and analysis software during the 48 h heparanase treatment period.
Individual plots are shown for donors 16 to 20 with mean and SD of cell counts from three FOV from three separate wells.
The combined data for all five donors at every time point are also shown (bottom right). FOV = field of view. ** p < 0.05,
*** p < 0.01.

3.4. Stromal/Stem Cell and Chondropotency Markers and Genes Are Not Affected by Heparanase

Flow cytometry demonstrated that the positivity of stromal/stem cell markers, CD73,
CD90 and CD105 (Figure 6A), and the chondrogenic markers CD44, CD151, CD166, FGFR3
were unaffected by heparanase treatment (Figure 6B), although CD166 and FGFR3 showed
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a high level of variability between donors. For the integrins, donor variability was also
observed with CD49a, CD49b, CD49c and CD51/61, but not CD29, with no statistical differ-
ence between treated cells and controls for any of the integrins (Figure 6C). Chondrocytes
from donor 17, the oldest donor, showed a marked heparanase-induced increase in CD166
and a noticeable decrease in CD49a, CD49b and CD49c compared to the cells from the
other donors.

Figure 6. Flow cytometry analysis of the effects of heparanase treatment on surface markers of chondrocytes (n = 5). Results
are shown as the percentage of positive cells for a particular marker on heparanase-treated chondrocytes and the matching
control. Fluorochrome-conjugated antibodies were used to detect (A) stem cells markers, (B) integrins and (C) chondrogenic
markers. No significant differences were observed. Matched samples are represented by the same colour dot; donor 16
(black), donor 17 (red), donor 18 (blue), donor 19 (green), and donor 20 (yellow).

Although the relative fold change in chondrogenic gene expression was not statistically
significant between the heparinase-treated and untreated chondrocytes, there was a general
decrease in SOX9 expression (median= −1.17), and increased expressions for ACAN
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(median = 1.1), COL2A1 (median =1.2), and FGFR3 (median = 1.1) following heparanase
treatment (Figure 7). The relative fold change in expression of the hypertrophic genes
COL10 (median = 1.6) and ALK-1 (median= 2.4) was also increased following heparanase
treatment, but this was not statistically significant (Figure 7).

−

Figure 7. Analysis of the effects of heparanase treatment on gene expression of chondrocytes
in monolayer culture (n = 5). Results are presented as log-fold change in the expression of the
chondrogenic genes SOX9, collagen type II, aggrecan, FGFR3 and hypertrophy genes collagen type X
and ALK1 in chondrocytes that were treated with heparanase compared to the untreated controls.
Matched samples are represented by the same colour dot; donor 16 (black), donor 17 (red), donor 18
(blue), donor 19 (green), and donor 20 (yellow). Error bars indicate medians and interquartile ranges.

3.5. Perlecan and Toluidine Blue Staining Is More Prominent in Chondrocyte Clusters

There was immunostaining for perlecan in some cultured cells, some apparently in the
cytoplasm and also associated with the cell membrane. This appeared strongest when cells
were in clusters, which were more common in cultures without exposure to heparanase
(Figure 8A).

Metachromasia with toluidine blue staining for glycosaminoglycans was mostly
weak with no consistent difference in pattern between control and heparanase condi-
tions (Figure 8B). However cell, clusters, where present, tended to have stronger toluidine
blue staining.
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Figure 8. Immunocytochemistry and toluidine blue staining of heparanase-treated chondrocytes (two representative donor
examples shown). (A) Chondrocytes cultured in chamber slides were treated with heparanase for 48 h and stained for
perlecan (n = 4). Chondrocytes in untreated controls tended to remain in clusters that stained more intensely for perlecan
compared to heparinase-treated chondrocytes. (B) Toluidine blue staining revealed no noticeable trend. However, cell
clusters in both controls and heparanase conditions had stronger staining than individual cells. Scale bars = 50 µm.
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4. Discussion

Cell-based therapies have shown some degree of success in restoring damaged carti-
lage [30,31], but no study to date has described the presence of the proteoglycan perlecan in
either the natural repair or cell therapy repair of cartilage in humans. Perlecan contributes
to processes that are essential to the functioning of chondrocytes such as cell attachment,
differentiation and production of extracellular matrix components [12,13], which makes
it an ideal candidate molecule to assess in the formation of new cartilage. There is a
longstanding biological paradigm that once damaged, articular cartilage cannot heal itself.
However, evidence is now mounting to indicate that actually, to a limited extent, articular
cartilage does have an innate ability to repair [2,32], although the mechanism and pathways
are poorly defined. To our knowledge, this study is the first to assess and compare the
differences in perlecan immunolocalisation in matched patient cartilage samples that were
repaired either naturally or with autologous cells, while assessing the effects of heparanase
on the phenotype of human chondrocytes in vitro.

The variety of tissue morphologies observed in the repair tissues, i.e., fibrous, hyaline,
fibrocartilage and a mixture of the two, demonstrates the unpredictable and variable nature
of cartilage repair. Some of these differences could be donor dependent, but since the
repair tissues have been collected from two different sources (one from the harvest site
and the other post-treatment with cell therapy), the repair could have been the result of
two different biological mechanisms. Furthermore, the lack of an identifiable pattern of
morphology in donor-matched natural and cell therapy repaired tissues could be due to
differences in the microenvironment of the location where these defects were found. The
high incidence of vascularisation present in the naturally repaired biopsies is of concern,
as in its native state, cartilage is avascular. One could hypothesise that there may be a
temporary invasion of blood vessels as a means of instigating the repair processes and over
time with tissue remodelling and maturation, this vascularisation may disappear. Synovial
infiltrates are often vascularised and usually associated with poor cartilage repair [33], but
a recent study has provided evidence of the contribution of synovial cells in the repair of
cartilage surface injuries in mice [34]. Adhesions identified by MRI (which are likely to be
vascularised) have been shown to correlate with better histological features of cartilage
repair twelve months after ACI [35].

Perlecan was immunolocalised in the pericellular matrix in healthy cartilage, which
was is in line with previous findings [16]. In contrast, the immunolocalisation of perlecan in
the repair tissue differed depending upon the type of tissue morphology present, for exam-
ple, in areas of hyaline cartilage, perlecan appeared to have a more “normal” pericellular
appearance whereas in areas of fibrocartilage, it was more associated within the intert-
erritorial extracellular matrix. The latter appears to resemble the disposition of perlecan
observed in foetal patella, femoral condyle and tibial plateau tissues [36]. This, combined
with the fact that perlecan is a marker of early chondrogenic activity [37], suggests that
embryological mechanisms could be contributing to the repair of damaged adult cartilage,
either naturally or post-cell therapy. This is further evidenced by the observation that in
cell therapy repaired samples, perlecan is associated with better tissue morphology and
increased proteoglycan content, more resembling normal, healthy cartilage. (One slight
caveat in comparing this immunolocalisation between healthy and surgical samples, how-
ever, is that there was some disparity in times between ex-vivo collection and processing;
for healthy donors, time to fixation was ~24 h + 2–4 h but for surgical samples it was much
quicker (2–4 h).)

Fibrocartilage commonly forms in repair sites following cell therapy, at least in biopsies
obtained ~12 months post-treatment [25]. Whilst the aim of cell therapy in the treatment
of cartilage defects is the formation of hyaline cartilage, there is evidence that the initial
repair tissue which forms is remodelled [38] and does indeed mature towards hyaline
cartilage with time post-treatment [39]. The distribution of perlecan seen in our study
is perhaps further evidence of this, with the more diffuse and widespread location seen
in fibrocartilage resembling that of developing or rudimentary cartilages, some of which
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subsequently mature to form hyaline cartilage with its definite pericellular staining pattern.
The strong vascular localisation of perlecan in the naturally repaired tissues is expected,
confirming reports of its role in angiogenesis [40,41].

In healthy articular cartilage, collagen type III has a diffuse localisation in the territorial
regions around the chondrocytes, i.e., beyond the pericellular capsule [28]. We found this
pattern only in the repair tissues where some hyaline-like cartilage was present, suggesting
more matured repair or regeneration. Collagen type III is often associated with collagen
type I and is abundant in damaged tissues that are attempting to repair [28,42].

Collagen type VI is a microfibrillar collagen, accounting for approximately 1% of total
collagen in adult articular cartilage [43]. Predominantly located in the pericellular matrix
(PCM) in developing and mature cartilage, collagen type VI has been demonstrated to
be integral for regulating chondrocyte swelling and contributing to the biomechanical
integrity of the PCM; indeed, it also binds to the chondrocyte membrane via the RGD
sequences [44–47]. During osteoarthritis, however, the localisation of collagen type VI
changes to more interterritorial matrix expression, possibly reflecting increased degradation
of the collagen fibrils [48,49]. The diffuse pattern of immunolocalisation of collagen type
VI in the majority of the repair tissues tested in our study is similar to that of perlecan
and indicates an immature PCM in regenerating cartilage. Despite our observations of
collagen types III and VI immunlocalisation in repair tissue being similar to those found
in OA, it is also possible that they are indicative of an immature, developing cartilage
rather than degeneration. Both perlecan and collagen type VI have shown to be pivotal
to the biomechanical function of the PCM [50]. As a result, and due to the ability of
cartilage to detect and respond to mechanical loading, perlecan in particular could be
an active participant in the loading-related aspects of cartilage repair and remodelling.
Perlecan’s role of “mechanosensing” in tissue maintenance has been demonstrated in
bone [51,52], while its ability to influence the elastic modulus of the PCM has been proven
in cartilage [50].

Given the unique glycolytic capability of heparanase, this enzyme has been proposed
to be a valuable therapeutic target in repair biology [53,54]. The fragments released from
the HS by the action of heparanase are often more bioactive than the native molecule [55,56].
For example, when heparanase cleaves HS from perlecan in the basement membrane it
releases bound FGF2, which promotes angiogenesis, wound healing and tumour forma-
tion [57,58]. In our study, we tested the effects of heparanase on chondrocytes in terms
of cell morphology, proliferation, and the expression of surface and genetic markers. Al-
though no noticeable difference in cell morphology was noted, chondrocytes treated with
heparanase showed higher proliferation compared to the untreated controls. This finding
corroborates a previous study showing a heparanase-induced increase in proliferation and
migration of the ATDC5 chondrocyte cell line [59], and supports the theory that the removal
of HS encourages an increase in cell proliferation. Further investigations are needed to
determine whether this stimulation of chondrocytes by heparanase is reproduced in vivo,
and what the pathophysiological implications are, notably in the modulation of tissue
repair. One should also consider the source/s of the HS that has been depleted, as perlecan
is not the only HS-containing proteoglycan found in cartilage.

The flow cytometry analysis conducted in our experiment produced the first data look-
ing at the effects of heparanase treatment on the expression of a comprehensive panel of
surface markers in human chondrocytes. Exposing human chondrocytes to exogenous hep-
aranase did not influence the expression of either surface stem cells markers (CD70, CD90
and CD105), or chondrogenic markers (CD44, CD151 and CD166). Interestingly, another
study in mice MSCs has shown similarly that the inhibition of endogenous heparanase has
no effect on these stem cells markers [60].

Of the five chondrocyte populations tested for their response to heparanase, three of
them showed a marginal increase in FGFR3 as assessed by flow cytometry, while the gene
expression of FGFR3 was stable. This is of particular interest in the context of cartilage
repair, since signalling through the FGFR3 pathway is essential to chondrocyte function
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during chondrogenesis. During the embryological development of cartilage rudiments,
FGFR1c, FGFR2c, FGFR3c and perlecan are employed by mesenchymal cells to promote
the production of extracellular matrix production [17,61,62]. FGF-18 has also been shown
to signal through FGFR3 in the cartilaginous development of the human foetal spine [63].
Furthermore, a mouse knockout model revealed that the deletion of domain I in HS
improved the symptoms of OA and preserved the expression of FGFR3 with disease
progression [64]. We hypothesise that the positivity of FGFR3 on reparative cells in the
de novo formation of cartilage could be an essential mediator of natural and CT repaired
tissues. Additional work would, however, be needed to investigate this further.

Integrins are a family of cell adhesion receptors that are vital to the interactions
between chondrocytes and the cartilage extracellular matrix, that is mediated through
the binding of matrix components such as collagen types II and VI, vitronectin and fi-
bronectin [65]. The heparanase treatment of chondrocytes in our study did not affect CD29,
which is the β1 integrin subunit. CD29 couples with the α1 integrin subunit (CD49a) to
form the α1β1 complex, and facilitates the binding of collagen types II and VI [66,67]. The
reduced positivity of CD49a in four of the five cell populations treated with heparanase
suggests a possible interaction between HS and the integrins that warrants further char-
acterisation in cartilage repair. The heterogeneity of the expression of integrin subunits
CD49b(α2), CD49c(α3) and the complex CD51/61(αV/β3) in response to heparanase, may
be indicative of the versatility of chondrocytes when interacting with their pericellular
environs and extracellular matrix. The marked lower levels in CD49a, CD49b and CD49c
detected in chondrocytes from the oldest donor (donor 17) after heparanase treatment
could reflect the age-induced decrease in integrins in cartilage that has been previously
shown [68].

We tested the effects of heparanase on the expression of key chondrogenic genes and
found no significant change in the expression of SOX9, collagen type II and aggrecan. This
differed from a previous study that showed an increased gene expression for collagen type
II and aggrecan after heparanase treatment, but this was using a more appropriate 3D
culture system [59]; even in our monolayer system, heparanase had no inhibitory effect on
chondrocytes. The marginal increase in expression of the hypertrophic genes for collagen
type X and ALK-1 could be an indirect effect of the increased cell proliferation and is not
conducive to the repair of hyaline articular cartilage. This observation should act as a
reminder that the mechanisms triggered by the removal of HS would need to be controlled
to avoid undesirable matrix formation [69].

The strong immunolocalisation of perlecan in chondrocyte cell clusters suggests that
the pericellular matrix of these cells may still be intact, or at least being maintained, in some
monolayer cultures with close cell contact. This finding confirms previous studies showing
pronounced perlecan staining in clusters found in OA cartilage [70,71]. It was found
that domain IV-3 of perlecan was responsible for chondrocyte clustering, by mediating a
decrease in ERK1/2 signalling [72]. The presence of perlecan persisted despite after the
assumed removal of HS in our study, which could indicate that the heparanase-induced
response from chondrocytes is due to the loss of HS from perlecan, and not perlecan itself.
Such observations were made in a mouse study where a Hspg2 exon 3 null strain continued
to produce perlecan without the native HS [13].

The present study is not without its limitations. For example, we acknowledge that
a bigger sample size would make this study more robust; however, we are confident,
based on our experiences, that the tissue morphologies presented here are in line with our
previous observations. The naturally and cell therapy repaired tissues that we studied
formed at different locations in the joint. This may have limited the direct comparison of the
two cartilages, for instance due to differences in biomechanical forces betweeen different
regions of the knee joint [73,74]. Regarding the in vitro cell experiments, chondrogenic
differentiation may have provided additional insight into the effects of heparanase on
chondrocyte function. It is also important to note that the enzymatic activity of heparanase
is not specifically targeted to the HS on perlecan and that other HS proteins such as agrin,
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syndecan 1 and syndecan 4 may also be affected by heparanase [75,76]. This study does
not identify an exact pathway or mechanism per se whereby perlecan influences cartilage
repair, but it does indicate that it appears to be an integral player and so worthy of further
investigation.

5. Conclusions

To conclude, we demonstrate that the HS proteoglycan, perlecan, is clearly present
in repair tissue formed both via cell therapy repair of chondral defects and also naturally
occurring repair tissue. The localisation of perlecan, as well as type III collagen, which
is often found in developing or repairing tissue, is more diffuse for both molecules in
the fibrocartilaginous tissue which forms initially, than in the more mature repair tissue.
This more mature repair tissue has morphology resembling hyaline cartilage with has
more of the typical cell-associated staining pattern seen in adult articular cartilage. The
co-localisation of perlecan and collagen type VI and its biomechanical role in the PCM
in repair cartilage remains unclear and further research could reveal a key mechanism
that incorporates the different loading forces in the articular joint. The strong perlecan
staining observed in chondrocyte clusters could be mediated via its domain IV-3 and the
suppression of Erk1/2 signalling. We have also shown that heparanase treatment increases
the proliferation of chondrocytes, without altering their phenotypical features, at least,
as assessed in this study. Taken together, it is plausible to assume that perlecan has an
important role in cartilage repair. Further work is required to fully comprehend how
heparanase influences different types of repair, and whether this enzyme can be harnessed
to enhance the quality of de novo cartilage repair in vivo.
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Abstract: Innovative antimalarial strategies are urgently needed given the alarming evolution
of resistance to every single drug developed against Plasmodium parasites. The sulfated
glycosaminoglycan heparin has been delivered in membrane feeding assays together with Plasmodium

berghei-infected blood to Anopheles stephensi mosquitoes. The transition between ookinete and oocyst
pathogen stages in the mosquito has been studied in vivo through oocyst counting in dissected insect
midguts, whereas ookinete interactions with heparin have been followed ex vivo by flow cytometry.
Heparin interferes with the parasite’s ookinete–oocyst transition by binding ookinetes, but it does not
affect fertilization. Hypersulfated heparin is a more efficient blocker of ookinete development than
native heparin, significantly reducing the number of oocysts per midgut when offered to mosquitoes
at 5 µg/mL in membrane feeding assays. Direct delivery of heparin to mosquitoes might represent a
new antimalarial strategy of rapid implementation, since it would not require clinical trials for its
immediate deployment.

Keywords: malaria; heparin; mosquito; Plasmodium; Anopheles; ookinete; transmission blocking;
antimalarial drugs

1. Introduction

The emergence and spread of Plasmodium falciparum resistance to most of the existing antimalarial
drugs is a key factor that contributes to the global reappearance of malaria [1]. This threat of treatment
failure is prompting research oriented to targeting the transmission stages of the pathogen between
humans and mosquitoes [2], represented by smaller populations less likely to contain resistant
individuals that would benefit from the removal of susceptible parasites [3]. Transmission-blocking
vaccines (TBV) aim at stimulating in the human the production of antibodies to actively target and
block the parasite development once it is in the mosquito [4]. Among the candidate antigens for TBV
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strategies are proteins on the surface of the ookinete [5,6], the motile Plasmodium stage that forms in the
blood bolus and has to traverse the midgut endothelium to progress to the next stage of the parasite,
the oocyst.

Among other transmission-blocking strategies that can be envisaged is the interference with
parasite–midgut interaction through the inhibitory action of the sulfated glycosaminoglycan (sGAG)
heparin and related molecules, which have already shown antimalarial activity against several
Plasmodium stages in humans. During initial malaria infection in the liver, heparin and heparan sulfate
are hepatocyte receptors for sporozoite attachment [7]. In blood stages, heparin antimalarial activity,
against which no resistances have been reported so far, unfolds by inhibition of merozoite invasion
of the erythrocyte [8]. Chondroitin sulfate proteoglycans in the mosquito midgut and a synthetic
polysulfonated polymer that mimics the structure of sGAGs present in the midgut epithelium have been
described to bind Plasmodium ookinetes during host epithelial cell invasion [9,10], whereas ookinetes
and ookinete-secreted proteins possess significant binding to heparin [11,12]. Here, we have explored
the potential of heparin against ookinete development.

2. Materials and Methods

All reagents were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA)
unless otherwise specified. Heparin from pig intestinal mucosa was provided by BIOIBERICA
(Palafolls, Spain). Oversulfation to generate hypersulfated heparin was done as previously
described [13], obtaining a preparation with three sulfate groups/disaccharide (as compared
to 1.9–2.0 in native heparin). Briefly, 100 mg of sodium heparin salt were subjected to
cation-exchange chromatography to obtain tributylamine salt, lyophilized, and dissolved in 0.8 mL of
N,N-dimethylformamide, which contained an excess of pyridine-sulfur trioxide. After 1 h at 40 ◦C,
1.6 mL of water were added, and the product was precipitated with three volumes of cold ethanol
saturated with anhydrous sodium acetate and collected by centrifugation. The product was dissolved
in water, extensively dialyzed, and recovered by freeze-drying.

2.1. Animals

Female CD1 mice (Mus musculus) from the Instituto de Higiene e Medicina Tropical animal
house were used to obtain blood for membrane feeding assays (MFAs) and mosquito infections,
with the corresponding license (009511 from 21 April 2019) approved by the Portuguese National
Authority Health (DGAV). For ex vivo production of ookinetes, female BALB/c mice (Janvier Labs,
Le Genest-Saint-Isle, France) were used, following the protocols reviewed and approved by the Ethical
Committee on Clinical Research from the Hospital Clínic de Barcelona (Reg. 10100/P2, approved on
January 2018). In all cases, for the experimental procedure, mice were anesthetized using 100 mg/kg
ketamine (Ketolar) mixed with 10 mg/kg xylazine (Rompun) intraperitoneally (i.p.) administered,
and regularly monitored. Anopheles stephensi mosquitoes were maintained under standard insectary
conditions (26 ± 1 ◦C, 75% humidity and a 12/12 h light/dark cycle). Adult mosquitoes were fed on
10% glucose solution ad libitum until the day before feeding trials.

2.2. Sugar Feed

Heparin directly dissolved at 5 mg/mL or 50 mg/mL in 10% glucose in H2O, or 10% glucose in
H2O for the control group, were administered to mosquitoes twice (once each 24 h) in a cotton pad on
the top of a net-capped paper cup containing 40–50 A. stephensi females. Mosquitoes were allowed
to feed for 48 h, and then infected by direct feeding on a CD1 mouse parasitized with Plasmodium

berghei ANKA-GFP (259cl1; MRA-865 [14]) for 10 min. Non-fed mosquitoes were removed, and fed
mosquitoes were placed in the insectary at 21 ◦C and 75% humidity to allow parasite development.
After eight days, mosquitoes were dissected, and the number of GFP-expressing oocysts per midgut
was counted manually using an Axioskop fluorescence microscope (Zeiss, Oberkochen, Germany).
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The total number of mosquitoes analyzed was 61 in the control group, 63 treated with 5 mg/mL heparin,
and 46 treated with 50 mg/mL heparin, distributed in three independent experiments.

2.3. Membrane Blood Feeding Assay

Blood obtained from an intracardiac puncture of a CD1 mouse infected with P. berghei ANKA-GFP
(259cl1; MRA-865) was treated with 1/10 volume of 3.2% w/v sodium citrate to prevent coagulation.
6.25 µL of a solution prepared by dissolving heparin at 40 mg/mL or 0.4 mg/mL in phosphate buffered
saline (PBS) was added to 494 µL of blood:citrate (to obtain final heparin concentrations of 500 and 5
µg/mL, respectively), which was then placed in feeders prepared with two-sided stretched Parafilm®

connected to two plastic tubes for water inlet and outlet. The same volumes of PBS and blood:citrate
were used for heparin-free controls. Temperature within the multiple cylindrical water-jacked glass
was kept at 37 ◦C by a constant water flow supply. Each feeder was placed on top of a net-covered
paper cup containing 40–50 A. stephensi females. Mosquitoes were allowed to feed for one hour.
Non-fed mosquitoes were removed, and the rest were treated as above. The final number of mosquitoes
analyzed for the non-modified heparin assay was 127 in the control group, 106 treated with 5 µg/mL
heparin, and 149 treated with 500 µg/mL heparin, distributed in three independent experiments.
The final number of mosquitoes analyzed for the hypersulfated heparin assay was 62 in the control
group, 91 treated with 5 µg/mL hypersulfated heparin, and 102 treated with 500 µg/mL hypersulfated
heparin, distributed in two independent experiments.

2.4. Detection of Heparin-Cy5 in Mosquitoes

Thirty female A. stephensi mosquitoes per cage were allowed to feed on 400 µg/mL heparin-Cy5
(Nanocs Inc., New York, NY, USA) on either sugar for 6 h or MFA for 1 h. Some mosquitoes were taken
from the cages at 6, 24, 48, and 72 h post-feeding to check Cy5 fluorescence (λex/λem: 650/670 nm) with
an Eclipse 80i microscope (Nikon, Tokyo, Japan). Mosquitoes with fluorescent signal were dissected,
and their organs were individually observed.

2.5. Ex Vivo Production of Ookinetes and Flow Cytometry Analysis

Eight days before ookinete production, 200 µL of P. berghei CTRP-GFP (kindly provided by Dr. Inga
Siden-Kiamos [15]) in cryopreservation solution (RBC pellet:Roswell Park Memorial Institute medium
(RPMI, Gibco, Dublin, Ireland):30% glycerol in water, 1:1:2) was administered i.p. to a BALB/c mouse.
Four days later, this mouse was the donor to infect i.p. with 5 × 107 parasitized red blood cells
in 200 µL of PBS a second mouse that one hour before the infection had been pretreated i.p. with
phenylhydrazine (120 µL of a 10 mg/mL solution in PBS). For ookinete production, up to 1 mL of
blood carrying gametocytes was collected by intracardiac puncture and diluted in 30 mL of ookinete
medium: 10.4 g/L of RPMI supplemented with 2% w/v NaHCO3, 0.05% w/v hypoxanthine, 0.02% w/v

xanthurenic acid, 50 U/mL penicillin and 50 µg/mL streptomycin, 20% heat-inactivated fetal bovine
serum (FBS, Invitrogen, Carlsbad, CA, USA), 25 mM HEPES, pH 7.4. The culture was incubated for
24 h at 21 ◦C with orbital shaking at 50 rpm (modified from [16]).

To check heparin influence on fertilization, to 487.5 µL of culture in a well of 24-well plates was
added 12.5 µL of PBS containing heparin at 20 or 0.2 mg/mL, to provide final heparin concentrations of
500 µg/mL and 5 µg/mL. Samples were taken at two different time points (just after extraction and
after 1 h incubation), including a control consisting of PBS only, in three independent experimental
replicates. Twenty-four hours later, samples were diluted 1:100 in PBS and analyzed in a LSRFortessaTM

flow cytometer (BD Biosciences, San Jose, CA, USA) set up with the five lasers, 20 parameters
standard configuration. The GFP positive ookinete population was selected and counted using
488 nm laser excitation and a 525/40 nm emission collection filter. BD FACSDiva software version
6.1.3 (BD Biosciences) was used in data collection, and Flowing Software 2.5.1 (Turku Centre for
Biotechnology, Turku, Finland) was used for analysis.
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For targeting assays, mature ookinetes were washed twice with PBS and incubated with
heparin-Cy5 at 400 µg/mL in ookinete medium without FBS for 1 h. The sample was finally diluted
1:100 in the same medium containing 0.2 µg/mL Hoechst 33342 and events recorded with an Amnis®

ImageStream®X Mk II cytometer (Luminex Corporation, Austin, TX, USA) using 375 nm, 488 nm,
and 642 nm excitation lasers for Hoechst 33342, GFP and Cy5 signals respectively. Data were analyzed
with IDEAS® 6.3 software (Luminex Corporation).

2.6. Statistical Analysis

Oocysts/midgut counts from three independent experiments were plotted and analyzed in
GraphPad Prism 6 using an unpaired Mann–Whitney test to determine significant differences. t-Tests
with Welch’s correction were applied for determining significance in ex vivo ookinete maturation and
targeting assays, and degrees of freedom were automatically defined by the software, according to n.
In both cases, tests were two-sided.

3. Results

3.1. Characterization of Heparin-Cy5 Binding to Ookinetes

Flow cytometry analysis showed binding of heparin-Cy5 to ookinetes obtained ex vivo from
mouse blood infected with the P. berghei CTRP-GFP transgenic line (Figure 1a,b), which expresses GFP
when reaching ookinete stage. Fluorescence images indicated the binding of heparin-Cy5 to discrete
areas on the ookinete (Figure 1c), which suggests clustering of heparin receptors.
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Figure 1. Heparin-Cy5 binding to ookinetes. (a) Flow cytometry plot showing heparin-Cy5 signal
in green fluorescent protein (GFP)-expressing P. berghei ookinetes. GFP-negative events correspond
mostly to red blood cells (see Figure S1 for gating strategy). c1 to c4 refer to the individual events
reported in panel c. (b) Difference in Cy5 median intensity between GFP-expressing ookinetes
and GFP-negative cells. (c) Fluorescence images of the flow cytometry events indicated in panel a.
The merges of the bright field (BF) image with the fluorescence of heparin, nuclei, GFP, and all three
of them, are indicated as merge-1 to merge-4, respectively. Size bars represent 7 µm.
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3.2. Effect on Oocyst Development of Heparin Administered to Mosquitoes by Sugar Meal

Heparin-Cy5 fed in the sugar meal to female A. stephensi mosquitoes was detected in the midgut
of the insects for up to 72 h after administration (Figure 2a–d and Figure S2). Heparin effect on
ookinete to oocyst transition was then assessed in live mosquitoes, by offering them heparin by sugar
feed during 48 h before infecting them by direct bite to a P. berghei ANKA-GFP-parasitized mouse
(Figure 2e). Unfed mosquitoes were removed, and eight days later, mosquitoes were dissected, and
GFP-expressing oocysts were counted. The prevalence of infection (PI, percentage of mosquitoes with
≥1 oocyst) and the infection intensity (II, number of oocysts per midgut) were not significantly affected
when compared to untreated controls up to heparin concentrations in the sugar feed of 50 mg/mL
(Figure 2f). It is likely that most of the sugar feed might be pushed out by the blood meal, in which
case heparin would not interact with ookinetes. This result led us to explore new strategies to ensure
the presence of heparin at the moment of ookinete development in the mosquito midgut by including
heparin in a Plasmodium-infected blood meal.
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Figure 2. Effect on ookinete development of heparin fed to mosquitoes by sugar meal. (a,c) Fluorescence
detection in (a) intact abdomen and (c) dissected midgut of heparin-Cy5 fed to A. stephensi female
mosquitoes in a sugar meal. (b,d) Bright field images of the microscope fields in panels a and c,
respectively. (e) Depiction of the method for sugar feed used in mosquito assays. (f) Effect on parasite
development of heparin delivered by sugar swaps. ns: not significant.

3.3. Effect on Oocyst Development of Heparin Administered to Mosquitoes by Blood Membrane Feeding

Heparin-Cy5 fed to female A. stephensi mosquitoes by whole blood MFAs was detected in
the midgut of the insect for at least 24 h after administration (Figure 3a–d and Figure S3). Often,
Cy5 fluorescence was only faintly observed in the dissected midgut (Figure 3a,b), but it intensified after
having pushed out the blood bolus (Figure 3c,d). This might result from light being absorbed or screened
by the compacted blood bolus. Heparin activity on ookinete to oocyst transition was then assessed
with this method of administration. Heparin was added to the blood of mice infected with P. berghei

ANKA-GFP, which was then offered to female A. stephensi by MFA (Figure 3e). Unfed mosquitoes were
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removed, and eight days later, mosquitoes were dissected, and oocysts were counted. A significant
decrease of PI and II was observed in mosquitoes fed with heparin-containing infected blood samples
(Figure 3f,h–k). PI was 38% and 23% for respective MFA heparin concentrations of 5 µg/mL and
500 µg/mL, compared to 52% for the heparin-free control, whereas the mean II for the same samples was,
respectively, 24.22 ± 65.10, 0.95 ± 4.12, and 36.38 ± 89.57 oocysts per midgut.             
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Figure 3. Effect on ookinete development of heparin fed to mosquitoes by membrane feeding
assay (MFA). (a–d) Fluorescence detection of heparin-Cy5 fed to A. stephensi female mosquitoes by
blood feed. (a,b) Whole dissected midgut and (c,d) magnification of the same midgut with the blood
bolus pushed away. (b,d) Bright field images of the microscope fields in panels a and c, respectively.
(e) Depiction of the MFA method used in mosquito assays. (f) Effect on parasite development of
non-modified heparin delivered by MFA. (g) Effect on parasite development of hypersulfated heparin
delivered by MFA. ns: not significant. (h–k) Fluorescence images of representative mosquito midguts
from the MFA 500 µg/mL non-modified heparin group (h,i) and from the MFA control group (j,k);
the fluorescence signal is shown alone (i,k) and merged with bright field images of the midgut
contours h,j).

When a modified heparin with higher proportion of sulfated residues in the polysaccharide
chain (hypersulfated heparin) was offered to mosquitoes by MFA, a significant decrease in PI and II
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was observed with as little as 5 µg/mL of heparin (Figure 3g). PI was 19% and 28% for respective
hypersulfated heparin concentrations of 5 µg/mL and 500 µg/mL compared to 56% for the control,
whereas the mean II for the same samples was, respectively, 1.53 ± 5.56, 1.74 ± 4.61, and 16.29 ± 31.94
oocysts per midgut. Although the extensive dialysis performed at the end of the heparin sulfation
process should have removed any residual byproduct, future research has to rule out potential
interferences of trace chemicals on the mechanism of oocyst formation. No impact on mosquito
viability was observed for any of the heparins studied here (data not shown).

The observation that PI in blood feeding assays was significantly lower than in sugar meal
experiments might be explained by the presence of sodium citrate, which is a calcium chelator used to
prevent blood coagulation. Since the induction of exflagellation in Plasmodium requires calcium [17],
sodium citrate could have a synergistic effect with heparin potentiating its inhibitory effect on oocyst
formation. Heparin is also a potent calcium chelator which binds ca. one Ca2+ ion per average
disaccharide [18]. At the high 50 mg/mL heparin concentration of sugar meal assays, the calcium
binding capacity of heparin was comparable to that of the sodium citrate amount used in MFAs.
Although in these experiments no effect of heparin was seen on ookinete development, the suspected
immiscibility of sugar feed and blood meal calls for caution before drawing any conclusions regarding
the suspected inhibitory effect of calcium chelators on Plasmodium development in the mosquito.

3.4. Effect of Heparin on Fertilization

When blood from P. berghei-infected mice was put into culture to obtain ookinetes and heparin
was added to the culture either at the moment of blood extraction (t0) or 1 h later (t1), no significant
effect was observed in the number of ookinetes produced when compared with untreated control
cultures (Figure 4). However, the fold-increase in ookinete numbers when heparin was added at t0

(ookinetes relative to normalized control: 3.32± 2.26 and 2.26± 1.18 for 5 µg/mL and 500 µg/mL heparin,
respectively), though non-significant due to the high dispersion of the results, could indicate that heparin
enhances fertilization. This effect might operate through heparin interactions with coagulation factors,
which would facilitate gamete motility. Heparin use in MFAs was previously recommended over
other anticoagulants such as EDTA, as better infection rates were obtained [19]. Consistently, no effect
on ookinete numbers was observed when heparin was added at t1, when fertilization has already
occurred [20]. These results indicated that the inhibitory activity of heparin on Plasmodium mosquito
stages is not exerted during fertilization or zygote maturation. Although sodium citrate was not used
in ex vivo assays, the presence of 500 µg/mL heparin bound a significant amount of calcium, and yet,
exflagellation was not affected. However, the potential role of calcium sequestration on this part of the
parasite’s development deserves further exploration.
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Figure 4. Effect of heparin in the ex vivo development of ookinetes. (a) Depiction of the method used
for the ex vivo growth of ookinetes. The parasite development scheme has been adapted from Kuehn
and Pradel [20]. (b) Effect of heparin on ex vivo ookinete maturation analyzed by flow cytometry
(see Figure S4 and Table S1). ns: not significant.
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4. Discussion

The results presented above validate a potential new antimalarial strategy where heparin binding
to ookinetes will prevent the interaction of this Plasmodium stage with the mosquito midgut and
consequently its development into an oocyst. It has been suggested that chondroitin sulfate is a
ligand for the circumsporozoite- and thrombospondin-related anonymous protein-related protein
(CTRP) [9], a key molecule for ookinete mobility and parasite development [21]. Characterizing the
sGAG ookinete binding domain and sulfation pattern will be important regarding the development of
future antimalarials acting on this stage of the parasite’s cycle. To start unraveling the relevance of
the sulfation pattern in blocking ookinete progression, hypersulfated heparin has been tested here,
and has shown interesting potential since the lowest concentration used resulted in a significantly
larger inhibition of ookinete development than the same concentration of native heparin. Chemical
modifications of heparin or its binding to nanocarriers are strategies that could contribute to increase
activity and midgut residence time in view of the potential development of sGAG-based antimalarials
as disruptors of the life cycle of Plasmodium in the mosquito.

So far, transmission-blocking approaches have focused on the concept of treating humans with
vaccines or drugs that will target mosquito stages [22]. A largely unexplored avenue, however, is
targeting Plasmodium in the insect vector directly [23]. The implementation of antimalarial medicines
designed to be delivered directly to mosquitoes might reduce treatment and development costs because
the clinical trials otherwise required for therapies to be administered to people could be significantly
simplified. Strategies that control malaria using direct action against Anopheles are not new but mostly
focus on eliminating the vector, either by killing it with pesticides [24] or through the release of sterile
males [25]. The administration of drugs to mosquitoes during their blood feed is being used to deliver
ivermectin, an endectocide that, at concentrations found in human blood after treatment, is toxic to all
Anopheles species examined [24]. When P. falciparum–infected female Anopheles gambiae mosquitoes
were exposed to surfaces treated with the antimalarial drug atovaquone, the development of the
parasite was completely arrested [26]. Although this strategy is unlikely to work for large hydrophilic
molecules like heparin, several other approaches are available for direct drug delivery to mosquitoes,
some of which have been used to deliver to dipterans lipid-based [27] and chitosan nanoparticles [28].

The failure of heparin in inhibiting parasite development when delivered in a sugar meal prior
to infection of the mosquito indicates that heparin must be present in the midgut simultaneously
with ookinetes. This poses a significant obstacle regarding the practical implementation of future
antimalarial strategies based on the observations reported here. Heparin is normally present in human
plasma in values ranging from 1 mg/L to 2.4 mg/L [29], whereas heparin in the mosquito midgut
is active at concentrations >100 times higher. The anticoagulant activity of heparin prevents its
administration to people in the amounts required to block ookinete development, although sGAG
mimetics [9] or modified heparins having low anticoagulant capacity [30] offer promising perspectives.
The use of limited heparin amounts in infected patients for transmission-blocking might actually
be beneficial given the described pro-coagulant effects of Plasmodium-infected red blood cells [31].
However, to be present in the circulation at the moment of a mosquito bite, the blood residence time of
these molecules should be extremely long. An alternative approach could be provided by offering
heparin to mosquitoes in an artificial diet simulating vertebrate blood. The available technology
is capable of manufacturing artificial blood for mosquito feeding from hemoglobin obtained from
citrated rabbit blood [32], outdated bovine blood [33], and other blood-free artificial liquid diets [34–36].
These substitutes mimic in the mosquito the physiological effects of a fresh vertebrate blood meal,
supporting ovarian and egg maturation and normal development of offspring into functional adults.
Such artificial feedings can substitute direct feeding on mammals and often have prolonged shelf life
and do not require refrigeration. For their delivery to mosquitoes, a number of artificial blood feeders
are currently under study [37]. This approach would require the presence of attractants in the artificial
diet to lure mosquitoes that have already taken a human blood meal and thus potentially carrying
ookinetes in their midguts.
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The economic landscape of malaria calls for new strategies that take into account the costs of
bringing a medicine into the market, which due to expensive clinical trials often prevent promising new
drugs from a fast entry into the production pipeline. As a possible approach to solving this problem,
the administration of heparin to mosquitoes offers two advantages: first, blocking the life cycle of
Plasmodium in the mosquito vector through direct drug delivery to the insect, can dramatically shorten
product development due to the avoidance of large-scale human tests. Second, applying the three
Rs of drug development (rescue, repurpose, reposition) to previously discarded compounds is an
interesting strategy to return value to potential treatments in decline or on hold. Heparin is a natural
polysaccharide that can be abundantly obtained in large amounts from the intestinal mammalian
mucosa and which has a widespread medical use. The results presented here can inspire researchers
and entrepreneurs, especially those in malaria endemic regions, to pursue the development of an
efficient and economically affordable antimalarial strategy. A chain of heparin production could
easily start with the usually discarded mucosae of pigs, goats, sheep, or cows that are consumed for
food. In addition, potential strategies to deliver heparin to mosquitoes might involve the use of small
containers filled with mosquito attractants, which can boost the economy of many developing regions
through either the fabrication of such dispensers made of plastic, glass or aluminum, or the recycling
of bottles and cans.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/8/1136/s1,
Figure S1. Gating strategy for Figure 1a; Figure S2. Photomicrograph gallery of different time points after
heparin-Cy5 administration in sugar feed; Figure S3. Photomicrograph gallery of different time points after
heparin-Cy5 administration in MFA; Figure S4. Gating strategy for the data analysis presented in Figure 4b;
Table S1. GFP-positive events (n) and corresponding percentages presented in Figure 4b.
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Abstract: Malignant pleural mesothelioma (MPM) is a highly aggressive and therapy resistant
pleural malignancy that is caused by asbestos exposure. MPM is associated with poor prognosis
and a short patient survival. The survival time is strongly influenced by the subtype of the tumor.
Dyspnea and accumulation of pleural effusion in the pleural cavity are common symptoms of
MPM. The diagnostic distinction from other malignancies and reactive conditions is done using
histopathology or cytopathology, always supported by immunohistochemistry, and sometimes also
by analyses of soluble biomarkers in effusion supernatant. We evaluated the soluble angiogenesis
related molecules as possible prognostic and diagnostic biomarkers for MPM by Luminex multiplex
assay. Pleural effusion from 42 patients with malignant pleural mesothelioma (MPM), 36 patients
with adenocarcinoma (AD) and 40 benign (BE) effusions were analyzed for 10 different analytes
that, in previous studies, were associated with angiogenesis, consisting of Angiopoietin-1, HGF,
MMP-7, Osteopontin, TIMP-1, Galectin, Mesothelin, NRG1-b1, Syndecan-1 (SDC-1) and VEGF by
a Human Premixed Multi-Analyte Luminex kit. We found that shed SDC-1 and MMP-7 levels
were significantly lower, whereas Mesothelin and Galectin-1 levels were significantly higher in
malignant mesothelioma effusions, compared to adenocarcinoma. Galectin-1, HGF, Mesothelin,
MMP-7, Osteopontin, shed SDC-1, NRG1-β1, VEGF and TIMP-1 were significantly higher in malignant
pleural mesothelioma effusions compared to benign samples. Moreover, there is a negative correlation
between Mesothelin and shed SDC-1 and positive correlation between VEGF, Angiopoietin-1 and shed
SDC-1 level in the pleural effusion from malignant cases. Shed SDC-1 and VEGF have a prognostic
value in malignant mesothelioma patients. Collectively, our data suggest that MMP-7, shed SDC-1,
Mesothelin and Galectin-1 can be diagnostic and VEGF and SDC-1 prognostic markers in MPM
patients. Additionally, Galectin-1, HGF, Mesothelin, MMP-7, Osteopontin, shed SDC-1 and TIMP-1
can be diagnostic for malignant cases.

Keywords: malignant pleural mesothelioma; pleural effusion; Luminex; diagnostic biomarkers

1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumor of mesothelial origin that
occurs after a long latency period following asbestos exposure often comprising several decades [1–4].
This tumor occurs mostly in the pleura (>75%) and less often in the peritoneum (10–20%) or pericardium
(1%) [5,6]. The median survival time of malignant pleural mesothelioma is less than 12 months [7].
This survival is strongly influenced by subtype of the tumor and time of diagnosis [3,8]. The diagnosis
of MPM is challenging, which often leads to a late diagnosis and together with tumor aggressiveness
results in a poor prognosis. Diagnosis is based on testing of multiple immunohistochemical (IHC)
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markers of biopsies or cytological samples, and soluble biomarker analysis of pleural effusion to
distinguish MPM from other lung malignancies [9]. The optimal treatment is surgery in combination
with chemotherapy and radiotherapy, or both [10]. Most patients present with a pleural effusion
as first symptom and cytological diagnosis increases the chance for earlier diagnosis and prolongs
patient survival [11]. Among soluble biomarkers hyaluronan and mesothelin are the best characterized
biomarkers for diagnosis of MPM.

Hyaluronan (HA), a negatively charged glycosaminoglycan of the extracellular matrix (ECM),
consists of the repeating disaccharide units (glucuronic acid and N-acetylglucosamine), is an established
biomarker used in diagnosis of MPM [12–14]. Hyaluronan is involved in different functions such as
cell growth, angiogenesis, differentiation, cell migration, wound healing and the regulation of plasma
protein distribution [13,15]. Hyaluronan is a well-known biomarker for MPM [14,16–18].

Mesothelin is a 40-KD cell membrane glycoprotein, which presents on normal mesothelial cells and
is highly expressed in different human cancers of the lung, endometrium, stomach and pancreas [19].
Mesothelin is synthesized as a 72-KD protein anchored in the cell membrane. It sheds a 32-KD fragment
called N-ERC/mesothelin, leaving a 40-KD fragment named C-ERC/mesothelin. Both fragments can be
detected in the effusion supernatant [20]. The role of mesothelin in the development of normal cells is
not known, whereas, in cancer cells, mesothelin promotes tumor progression by interacting with other
membrane proteins, such as CA125 [21–23]. In recent years, Mesothelin has received considerable
attention for immune-based therapies and as a promising biomarker, because of its low expression
level in normal cells [24,25].

Syndecan-1 (SDC-1) is a transmembrane heparan sulfate proteoglycan containing
glycosaminoglycan (GAG) side chains linked to N-terminal extracellular domain of the core protein.
Syndecan-1 acts as a co-receptor for many regulatory proteins, such as growth factors, cytokines and
integrins through its GAG, mainly heparan sulfate, chains. This interaction leads to regulation of
different cellular processes including proliferation, migration, differentiation and angiogenesis by
alteration of different signaling pathways [26,27]. In different cancer types syndecan-1 plays dynamic
roles, whereby it can either suppress or promote tumor progression [28–31].

The aim of this study is to evaluate shed SDC-1 in pleural effusions together with angiogenesis
related proteins and identify optimal biomarker batteries that allow earlier diagnosis and improve the
possibilities to distinguish MPM from metastatic adenocarcinoma and reactive conditions.

2. Materials and Methods

2.1. Study Design

Pleural effusions from 118 patients—42 patients with malignant pleural mesothelioma (MPM),
36 patients with lung adenocarcinoma (AD) and 40 benign (BE) effusions—were collected at
the Department of Pathology and Cytology, Karolinska University Hospital Sweden. Malignant
mesothelioma effusions comprised the epithelioid and mixed phenotypes, as sarcomatoid
mesotheliomas do not exfoliate to the serous effusions. Adenocarcinoma specimens consisted
of metastases from lung, breast- gastro-intestinal, ovarian adenocarcinoma and primary tumors of
unknown primary, covering the most frequent metastatic tumors to the serosal cavities. Benign effusions
were related to inflammation, reactive mesothelial proliferations and heart failure. All cases were
diagnosed by cytopathology verified by extensive immunocytochemistry. Mesothelioma cases were
also analyzed by established biomarker analyses including Mesothelin and Hyaluronan. All samples
were collected before any treatment was given. Samples were centrifuged at 1500 rpm for 5 min
directly, and the cell free supernatants were kept at −80 ◦C without additives. The study was approved
by the ethical review board of Stockholm, Sweden (2009/1138–341/3).
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2.2. Luminex Assay with Human Premixed Multi-Analyte Kit

Two human premixed multi-analyte kits from the R&D system were used to assess the levels
of 10 different biomarkers. First kit (cat: LXSAHM-09) for analyzing Angiopoietin-1, HGF, MMP-7,
Osteopontin, TIMP-1, Galectin, Mesothelin, NRG1-b1 and Syndecan-1 simultaneously and second kit
(cat: LXSAHM-01) for analyzing VEGF. In total, we analyzed 118 pleural effusions, of which 42 were
from MM patients, 36 from AD patients and 40 benign effusions. Effusions were diluted 5-fold, using
the dilution buffer included in the kit. All standards and samples were assayed in duplicate.

Analyte specific antibodies are pre-coated onto magnetic microparticles embedded with
fluorophores at set ratios for each unique microparticle region. Two spectrally distinct light emitting
diodes (LEDs) illuminate the microparticles. One LED excites the dyes inside each microparticle,
to identify the region and the second LED excites the Streptavidin-PE to measure the amount of
analyte bound to the microparticles. A minimum of 50 beads per region were counted. The median
fluorescence intensities were determined on a Luminex® 100/200™ analyzer.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) was performed to measure shed SDC-1, VEGF and
Mesothelin levels, following the manufacturer’s instructions. ELISA kit for Human shed SDC-1 was
from Gen-Probe Diaclone, France (cat. number 950.640.192), Human VEGF was from R&D Systems,
UK (cat. number DVE00) and Human N-ERC/Mesothelin Assay kit from IBL. The effusions were
diluted 1:5 in kit dilution buffers which also were as blanks. Samples were analyzed in duplicate and
the optical densities were determined at 450 nm.

2.4. Statistical Analyses

2.4.1. Analyses of Biomarkers Expression in Pleural Effusions

Three different groupings of patients were used in the analysis of ten different biomarkers,
to compare biomarkers expression level between patients with malignant and benign conditions,
and also to compare patients with different malignancies comprising malignant mesothelioma (MM)
and various adenocarcinomas (AD). Differences in biomarkers expression level between different
patient groups were evaluated by performing an unpaired t-test. Correlation analysis between shed
SDC-1 and other biomarkers in paired pleural effusions were calculated by the Spearman r test.

2.4.2. Kaplan-Meier Survival

Analyses were performed for patients with malignant mesothelioma, to investigate the correlation
of different biomarkers level with the survival of mesothelioma patients. To determine a cut-off value
for each biomarker based on the most significant and highest hazard ratio we used the Cutoff Finder
online web application. The log-rank test was used to test the significant differences between survival
times of two different groups of patients.

2.4.3. Receiver Operating Characteristic (ROC) Analysis

Roc analysis was used to assess the diagnostic utility of each biomarker. ROC curves, areas under
the curve (AUC), sensitivity, specificity, likelihood ratio and their 95% confidence intervals (CI) were
generated by GraphPad Prism software. All statistical significances were set at a p value equal or lower
than 0.05.

2.4.4. Logistic Regression (LR) Analysis

Logistic regression analysis was applied to develop a model for identifying and combine
diagnostic biomarkers in pleural effusion for earlier detection of malignant pleural mesothelioma.
Angiogenesis-related biomarkers were analyzed using the JMP program. In each model, malignant
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mesothelioma (MM) and metastatic adenocarcinoma (AD) were set as dependent variable (coded
0 or 1), and the expression values of the angiogenesis-related biomarkers as independent variables.
Biomarkers included in a final predictive model were significant at p≤ 0.05 and were determined by a
stepwise selection procedure.

3. Results

3.1. Correlation between ELISA and Luminex Immunoassays

In order to evaluate the correlation between ELISA and Luminex immunoassays, pleural effusion
levels of shed SDC-1, Mesothelin and VEGF were measured independently by both immunoassays.
High correlation between immunoassays was observed (Figure 1). We found statistically significant
linear correlation between shed SDC-1 (p = 0.0001, r = 0.8), Mesothelin (p = 0.0001, r = 0.6) and VEGF
(p = 0.0001, r = 0.9) that measured by ELISA comparing with the Luminex assay, suggesting that
Luminex assay can be used in the clinic.

≤

 

β

Figure 1. Correlation between enzyme-linked immunosorbent assay (ELISA) and Luminex.
(A) Correlation between shed Syndecan-1 (SDC-1) level in pleural effusion measured by ELISA
and Luminex. (B) Correlation between VEGF level in pleural effusion measured by ELISA and Luminex.
(C) Correlation between Mesothelin level in pleural effusion measured by ELISA and Luminex.
Spearman correlation analysis was used to assess the correlation between these two immunoassays.

3.2. Expression Levels of Biomarkers in Malignant Pleural Mesothelioma and Benign Pleural Effusion

In order to describe the diagnostic power of pleural effusion derived Angiopoietin-1, HGF,
MMP-7, Osteopontin, TIMP-1, Galectin, Mesothelin, NRG1-b1, Syndecan-1 and VEGF, we compared
the expression level of these 10 angiogenesis related biomarkers in pleural effusion from malignant
pleural mesothelioma patients (n = 42) and benign samples (n = 40). The expression levels of Galectin-1,
Mesothelin, Osteopontin, shed SDC-1, VEGF, MMP-7, HGF and TIMP-1 were significantly higher,
and NRG1-β1 was significantly lower in malignant mesothelioma effusions, compared with the benign
effusions (Figure 2). Expression level of these 10 angiogenesis related biomarkers in pleural effusion
from metastatic lung adenocarcinoma patients (n= 38) showed in Supplementary Figure S1. Differences
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between malignant mesothelioma cases and benign cases were statistically significant for these nine
biomarkers (p < 0.05).

  

  

 

 

 
 

Figure 2. Cont.
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Figure 2. Biomarker levels in pleural effusion of malignant pleural mesothelioma (MPM) patients
compared to benign effusions (BE). (A–H) Levels of Galectin-1, Mesothelin, Osteopontin, shed SDC-1,
VEGF, MMP-7, HGF and TIMP-1 are significantly higher in pleural effusion from malignant pleural
mesothelioma (MPM) patients (n = 42) comparing with benign (BE) patients (n = 40). (I) Level of
NRG1-β1 is significantly lower Significance was assessed by two-tailed t-test at p ≤ 0.05.

3.3. Diagnostic Biomarkers for Distinguishing Malignant Mesothelioma from Metastatic Adenocarcinoma

In order to distinguishing malignant mesothelioma from other adenocarcinoma, the expression
levels of these 10 angiogenic related biomarkers in pleural effusion were compared between malignant
pleural mesothelioma patients and metastatic adenocarcinomas. Of these, expression level of
Mesothelin and Galectin-1 were significantly higher in malignant mesothelioma effusions, compared
to adenocarcinoma effusions whereas the expression level of shed Syndecan-1 and MMP-7 were
significantly lower in malignant mesothelioma effusions compared to the adenocarcinoma effusions
(Figure 3). Differences between malignant mesothelioma and adenocarcinoma were statistically
significant for these four biomarkers (p < 0.05).

Stepwise logistic regression based on biomarker levels showed that MMP-7, Mesothelin
and Osteopontin are three variables with a higher predictive value for distinguishing malignant
mesothelioma from metastatic adenocarcinoma (Table 1).

Table 1. Parameter estimates of logistic regression model. MMP-7 has higher predictive value for
distinguishing malignant pleural mesothelioma from adenocarcinoma, based on estimate and p-value.

Biomarkers Estimate Std Error Prob > ChiSq p Value

MMP-7 0.00018 0.00012 0.1586 0.00000
Mesothelin −9.2635 × 10−6 2.7419 × 10−6 0.0007 0.00002

Osteopontin −9.183 × 10−7 4.3047 × 10−7 0.0329 0.01

β ≤

 
Figure 3. Cont.
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Figure 3. Different biomarkers for distinguishing malignant mesothelioma from metastatic
adenocarcinoma patients. (A,B) Levels of Galectin-1 and Mesothelin are significantly higher in
pleural effusion from malignant pleural mesothelioma (MPM) patients (n = 42) compared with
adenocarcinoma (AD) patients (n = 36). (C,D) Levels of MMP-7 and shed SDC-1 are significantly lower
in malignant pleural mesothelioma patients (n = 42) compared with adenocarcinoma patients (n = 36).
Significance was assessed by two-tailed t-test at p ≤ 0.05.

3.4. Shed SDC-1 and VEGF Levels Correlate to Patient Survival in Malignant Mesothelioma

In order to determine the prognostic value of pleural effusion derived Angiopoietin-1, HGF,
MMP-7, Osteopontin, TIMP-1, Galectin, Mesothelin, NRG1-b1, SDC-1 and VEGF, we divided patients
in two groups depending on the established cut-off value for all analytes. Strikingly, malignant
mesothelioma patients with high levels of SDC-1 (>19.28 ng/mL) and VEGF (>0.7 ng/mL) have
significantly worse prognosis in comparison to the patients with low levels of SDC-1 (<19.28 ng/mL)
and VEGF (<0.7 ng/mL). Median survival time of malignant mesothelioma patients with high VEGF
level was significantly shorter (2.6 months) compared to low VEGF level (18 months) (p = 0.0003)
(Figure 4A). Median survival time of malignant mesothelioma patients with high level of SDC-1
was significantly shorter (2.4 months) compared to patients with low shed SDC-1 level (9.6 months)
(p = 0.03) (Figure 4B).

≤
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Figure 4. VEGF and shed SDC-1 have prognostic value in malignant mesothelioma patients. Patients
were separated into “high” and “low” VEGF and shed SDC-1 level by the online web application Cutoff
Finder (VEGF cutoff = 0.7 ng/mL and shed SDC-1 = 19.28 ng/mL). Malignant mesothelioma patients
with high level of VEGF (A) and shed SDC-1 (B) have shorter survival time compared to malignant
mesothelioma patients with low VEGF and shed SDC-1 levels. P-values are ≤0.05.

3.5. Correlation between Shed SDC-1 and Other Biomarkers

The correlation between shed SDC-1 and other biomarkers was explored in malignant
mesothelioma patients and in all malignant cases (malignant mesothelioma and adenocarcinoma).
In all malignant cases, we showed a significant weak-positive correlation between shed SDC-1 and
Angiopoietin-1 (p = 0.004 and r = 0.3) and a significant weak-negative correlation between shed SDC-1
and Mesothelin (p = 0.004 and r = −0.3) (Figure 5). We did not find any significant correlation between
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expression of shed SDC-1 and other seven angiogenic-related biomarkers (HGF, MMP-7, Osteopontin,
TIMP-1, Galectin, VEGF and NRG1-b1).
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−
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Figure 5. Correlation between shed SDC-1 and other biomarkers in all malignant cases. (A) Expression
of shed SDC-1 was significantly and positively correlated with Angiopoietin-1 (p = 0.004 and r = 0.3),
whereas, shed SDC-1 expression was negatively correlated with Mesothelin (p = 0.004 and r = −0.3) (B).

In malignant mesothelioma cases, shed SDC-1 expression was significantly and positively
correlated with HGF (p = 0.02; r = 0.3) and NRG1-b1 (p = 0.001; r = 0.4) (Figure 6). No significant
correlations were found between shed SDC-1 and other seven biomarkers (Angiopoietin-1, Mesothelin,
MMP-7, Galectin-1, Osteopontin, TIMP-1 and VEGF).
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Figure 6. Correlation between shed SDC-1 and other biomarkers in malignant mesothelioma cases.
(A) Expression of shed SDC-1 was significantly and positively correlated with HGF (p = 0.02 and
r = 0.3) and NRG1-β1 (p = 0.001 and r = 0.4) (B) in malignant mesothelioma cases.

3.6. Diagnostic Value of Individual Biomarkers for Malignant Mesothelioma

Based on ROC curve analyses, Galectin-1, Mesothelin, Osteopontin, NRG1-β1 and shed SDC-1
performed the best diagnostic capacity to distinguish malignant mesothelioma from benign effusions.
MMP-7 and angiopoietin-1 have no discriminative capacity to distinguish between malignant
mesothelioma and benign effusions (Figure 7). The resulting areas under the curves (AUC) are
shown in (Figure 7).
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Figure 7. Diagnostic efficiency of individual biomarkers. Receiver operating characteristic (ROC)
analysis showing the specificity and sensitivity for each individual angiogenesis related biomarkers.
Area under the curve (AUC) values show that Galectin-1 (AUC = 0.99), NRG1-β1 (AUC = 0.97),
Osteopontin (AUC = 0.95), Mesothelin (AUC = 0.94) and shed SDC-1(AUC = 0.93) have the most
diagnostic value for malignant pleural mesothelioma.

4. Discussion

Malignant mesothelioma is the locally very aggressive and incurable primary tumor of serous
surfaces. Several studies have indicated that clinical outcome of malignant mesothelioma is highly
affected by earlier diagnosis of the disease [11,32,33]. Diagnosis of malignant mesothelioma is
challenging and requires histological or cytological analysis which can be supported by the analysis
of soluble biomarkers in the effusion. Pleural effusion is the first available material for diagnosis,
and a possible source for biomarker analysis. Previous studies showed that, Calretinin, Wilms tumor
protein 1 (WT-1), HBME-1, D2-40 (podoplanin), Carcinoembryonic antigen (CEA), Napsin-A and
Thyroid transcription factor 1 (TTF-1) are immunocytochemical indicators for distinguishing malignant
mesothelioma from lung adenocarcinoma [3,34,35]. Calretinin, WT-1 and D2-40 are recommended
mesothelioma markers and CEA, Napsin-A and TTF-1 are recommended adenocarcinoma markers by
IMIG (International Mesothelioma Interest Group) [36].

In addition, soluble biomarkers are detectable, and can be easily quantified in body fluids
before clinical symptoms appear. Several diagnostic biomarkers have been suggested for malignant
mesothelioma. Mesothelin, Hyaluronan, Osteopontin and Fibulin-3 are the most promising diagnostic
biomarker candidates for malignant mesothelioma [12,37–40]. In this regard hereby we combine
multiplex soluble diagnostic and prognostic biomarkers in pleural effusion that can help to establish
earlier diagnosis of malignant mesothelioma and to distinguish it from metastatic adenocarcinomas.

To the best of our knowledge, this is the first study that simultaneously combines several soluble
diagnostic biomarkers. Here we show that Malignant mesothelioma patients have significantly higher
level of Galectin-1, Mesothelin, Osteopontin, VEGF, shed SDC-1, MMP-7, HGF, NRG1-β1 and TIMP-1
compared to benign patients. Pleural effusion Galectin-1, NRG1-β1, Osteopontin, Mesothelin, shed
SDC-1, VEGF and TIMP-1 levels are more reliable diagnostic biomarkers than HGF and MMP in
pleural effusion. The corresponding AUCs were 0.99, 0.97, 0.95, 0.94, 0.93, 0.84 and 0.83 for Galectin-1,
NRG1-β1, Osteopontin, Mesothelin, shed SDC-1, VEGF and TIMP-1, respectively, whereas the AUCs
were 0.75 and 0.56 for HGF and MMP-7, respectively. Higher Mesothelin, Osteopontin and VEGF
levels were described earlier as individual markers in malignant mesothelioma [41–43]. A recent study
showed also higher level of TGF-β l in malignant pleural mesothelioma patients compared to lung
adenocarcinoma patients [42]. Previously, we have shown that overexpression of membrane-bound
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SDC-1 down-regulate TGF-β and TGF-βR1 [44] and the interplay between these two components
merits further investigations. High level of shed SDC-1 associates to cancer, infection and inflammation,
thus our findings are in line with both previous and recent studies.

In this study, all patients with metastatic adenocarcinoma had significantly higher level of
Galectin-1, HGF, Mesothelin, MMP-7, Osteopontin, shed SDC-1, TIMP-1, VEGF and a significantly
lower level of NRG1-β1 compared with reactive effusions (Figure S1). Among these angiogenesis related
biomarkers, we demonstrated that Galectin-1, Mesothelin, shed SDC-1 and MMP-7 are biomarkers
that discriminated best between malignant mesothelioma and metastatic adenocarcinomas. Our data
shows that the level of Galectin-1 and mesothelin are significantly higher in MM patients in comparison
with metastatic adenocarcinoma patients whereas, shed SDC-1 and MMP-7 levels are significantly
decreased in malignant mesothelioma patients. We further combined these biomarkers in several
models by using logistic regression method. In our study, a combination of MMP-7, Mesothelin and
Osteopontin, showed the best significant model for distinguishing malignant pleural mesothelioma
from metastatic adenocarcinoma patients.

Cell surface syndecan-1 expression is essential for the differentiation of various epithelial tumors
and it correlates with favorable outcome, whereas decrease or loss of SDC-1 associates with poor
survival [45–48]. The elevated SDC-1 level is a result of accelerated shedding or cell decay. Here we
show that the shed SDC-1 in contrast to the cell-bound SDC-1 indicates poor prognosis in both malignant
pleural mesothelioma and metastatic adenocarcinoma patients. Our results clearly suggest that SDC-1
and VEGF can serve as prognostic biomarkers for malignant pleural mesothelioma. Moreover, inclusion
of these soluble factors in the clinical workflow may pave the way for biomarker driven patient selection
for antiangiogenic therapy in the future. Though these results are very promising, further studies with
larger sample sizes are required to validate these data.

5. Conclusions

Taken together, candidate biomarkers (Galectin-1, Mesothelin, Osteopontin, shed SDC-1, VEGF,
MMP-7, HGF, TIMP-1 and NRG1-β1) identified in the current study could be diagnostic biomarkers for
distinguishing malignant pleural mesothelioma and metastatic adenocarcinoma from benign patients.
Shed SDC-1 and VEGF are prognostic biomarkers for malignant pleural mesothelioma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/8/1113/s1,
Figure S1: Pleural effusion levels of diagnostic biomarkers in metastatic adenocarcinoma patients.
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Abstract: Glycosaminoglycans are native components of the extracellular matrix that drive cell
behavior and control the microenvironment surrounding cells, making them promising therapeutic
targets for a myriad of diseases. Recent studies have shown that recapitulation of cell interactions
with the extracellular matrix are key in tissue engineering, where the aim is to mimic and regenerate
endogenous tissues. Because of this, incorporation of glycosaminoglycans to drive stem cell fate
and promote cell proliferation in engineered tissues has gained increasing attention. This review
summarizes the role glycosaminoglycans can play in tissue engineering and the recent advances in
their use in these constructs. We also evaluate the general trend of research in this niche and provide
insight into its future directions.

Keywords: glycosaminoglycans; tissue engineering; extracellular matrix; chondroitin sulfate;
hyaluronic acid; dermatan sulfate; keratan sulfate; heparan sulfate

1. Introduction

Glycosaminoglycans (GAGs) are long, unbranched polysaccharide chains made up
primarily of repeating disaccharide units. These disaccharide subunits are composed
of one hexuronic acid and one amino sugar linked by glycosidic bonds [1] and these
variations in disaccharide composition are used to distinguish the major classes of GAGs:
Hyaluronic Acid (HA), Chondroitin Sulfate (CS), Dermatan Sulfate (DS), Keratan Sulfate
(KS), and Heparan Sulfate (HS). GAGs are sulfated to varying degrees, with the exception
of Hyaluronic Acid (HA), which is unsulfated. The different hexuronic acids and amino
sugars found in each GAG are summarized in Table 1 and a structural diagram of the
repeating disaccharide unit of each GAG is provided in Figure 1. CS, DS, and HS range in
molecular mass between 10,000 and 50,000 Daltons and KS and Heparin (a GAG similar
to but distinguished from HS) range between 5000 and 15,000 Daltons. In contrast, HA
is generally a very high molecular weight GAG, ranging between approximately 100,000
and 10,000,000 Daltons [2]. The presence of the ionizable groups (sulfates and carboxylates
on hexuronic acids) confers GAGs with polyionic properties that are responsible for their
key abilities such as water retention, cell binding, control of ion fluxes and neuronal
signaling [3–5].

Table 1. The hexuronic acid and amino sugar constituents of each glycosaminoglycan.

Glycosaminoglycan Hexuronic Acid Hexosamine

Chondroitin Sulfate [1] glucuronic Acid N-acetylgalactosamine
Dermatan Sulfate [1] Iduronic Acid N-acetylgalactosamine
Keratan Sulfate [1] galactose N-acetylglucosamine
Heparan Sulfate [1] glucuronic Acid N-acetylglucosamine
Hyaluronic Acid [1] glucuronic Acid Unsulfated N-acetyl-D-glucosamine Unsulfated
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Figure 1. Repeating disaccharide unit of each glycosaminoglycan. “R” indicates a potential sulfation point.

The first reference to GAGs can be found in electronically available published litera-
ture dating back to the late 1930s when Karl Meyer summarized GAG chemical properties
and biological relevance known at the time. Then, they were referred to as mucopolysac-
charides and were classified primary as “containing iduronic acid”, with sub-divisions
of sulfate-free and sulfate-containing, or “neutral” [6]. Even at this time, knowledge of
their general localization within the body was growing. It was known, for example, that
“chondroitinsulfuric acid” could be isolated from cartilage, the aorta, and the sclera and
also that its presence was decreased in “rachitic” (weak) bones [6]. Fast forward to the
1950s and researchers had identified that cell excretion of mucopolysaccharides could be
used to determine the differentiation of fibroblasts in culture [7]. Research in this time
period focused on isolating and characterizing new GAGs and elucidating the expression
patterns and purpose of GAGs in the body [8], during development [9] and disease [10–12].
Foreshadowing the discovery of the importance of GAGs in tissue remodeling and applica-
tions in tissue engineering, in 1958, Bollet et al. analyzed the GAG content of granulation
tissue formed when polyvinyl sponges were implanted under the dorsal skin of guinea
pigs [13].

The first research using GAGs in tissue engineering scaffolds arose in the 1980s, with
scientists investigating hyaluronic acid as a component of scaffolds for regeneration of
tissues. Since then, all GAGs, with the exception of Keratan sulfate, have seen increased
utilization in tissue engineering constructs for the treatment of a myriad of diseases such as
osteoarthritis, neuropathy, and bone defects, to name a few. This review aims to summarize
the use of each GAG in the advancement of tissue engineering in the last five years, depicted
pictorially in Figure 2, and project how, as GAGs become more thoroughly understood,
their utility and ubiquity in the tissue engineering field will expand.
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Figure 2. Each GAG and their aforementioned tissue engineering applications. This figure was made
using BioRender.

2. Hyaluronic Acid

HA, also referred to as hyaluronan, has a repeating disaccharide unit of D-glucuronic
acid and N-acetyl-D-glucosamine (the hexuronic acid and amino sugar, respectively)
attached by a beta 1–3 bond, and the disaccharide units are joined by a beta 1–4 bond [1]. [1]
It is found in liquid connective tissues such as the synovial fluid of joints and the vitreous
humor of the eye where, in conjunction with other charged constituents of the extracellular
matrix, it plays a key role in maintaining viscoelasticity via water retention due to both
hydrogen bonds and osmotic pressure generated from the high density of anionic groups
and accumulation of counter cations. When in water, HA has a gelatin-like consistency.
Its viscoelasticity and ability to form matrices that retain water allow it to cushion joints,
resist compression and help reduce friction in all joint tissues [3]. It also plays a role in
the extracellular matrix of several tissues where it mediates receptor-driven detachment,
mitosis, and migration. This control of cell division and cell migration means HA is
commonly implicated in tumor development and cancer metastasis [3]. HA is the highest
molecular weight GAG [1], presenting with a broad range of molecular masses generally
ranging between 105 and 107 Daltons. This is in stark contrast to other GAGs, which are
generally on the order of 103 Daltons [2]. HA’s molecular mass plays an important role
in its function. Studies have shown that HA fragments of varying lengths may alert the
body to trauma and play roles in the progression of wound healing. Degradation of HA
increases tissue permeability and HA fragments enhance angiogenesis, promoting tissue
healing processes [3]. In contrast, endogenous HA has been shown to promote extracellular
matrix secretion, reduce inflammation, and inhibit immune cell migration to maintain
homeostasis in healthy tissue [3].

HA has many properties that make it an ideal candidate for tissue engineering scaf-
folds. It is biodegradable, biocompatible, and resorbable. HA is involved in every step of
wound healing in the body [14]. The interplay between its hydrophilicity and control of cell
migration allows HA to form a temporary, ideal wound healing environment. Because HA
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is hygroscopic, it can control the hydration of tissue during healing, allowing for increased
flow of nutrients and effluence of waste products [15]. It also stimulates cells via interac-
tions with CD44, RHAMM, and ICAM-1 cell receptors, which allows it to regulate cell
adhesion, motility, inflammation, and differentiation [14]. Despite this, for most cell types
it does not support sufficient attachment or spreading and requires chemical modification
to support cell growth and survival [16].

In its native form, HA is a weak scaffolding material because it is rapidly degraded
in vivo by hyaluronidase and is highly soluble, which can cause dissolution. It must, there-
fore, be chemically modified and crosslinked or combined with another polymer to form
stable, structurally integrated scaffolds that support cell adhesion and proliferation [17].
Encouragingly, HA can be crosslinked under basic, acidic, and neutral pH conditions
or combined with other natural and synthetic polymers to confer strength, allowing for
diverse applications such as treating difficult to heal wounds, burns, and any form of
trauma that requires a space-filling scaffold [14].

Additional support for chemical modification of HA comes from the fact that HA
itself does not bond to surrounding tissue when it is used to fill defects, and it is often
of sufficiently high molecular weight that it does not diffuse into the surrounding tissue
to form an integrated seal when crosslinking it in situ. In addition, while viscous HA
gels can be injected, injection of unmodified HA has been shown to cause damage and
hemorrhaging in some tissues, such as in the heart and liver. With the goal of overcoming all
of these shortcomings, Shin, et al. developed a tissue adhesive HA hydrogel functionalized
with the adhesive catecholamine motif from mussel foot protein. This gel was shown to
reduce apoptosis, increase viability, and enhance the function of human adipose-derived
stem cells and hepatocytes. HA-catecholamine laden with hepatocytes was shown to gel
and adhere to the liver of athymic mice within minutes. Further, the gel was still present
after two weeks and albumin secreted by the transplanted hepatocytes was detectable in the
blood stream 3 days after implantation [18], indicating some recapitulation of endogenous
tissue behavior.

2.1. Hyaluronic Acid Supports Multiple Crosslinking Mechanisms

While not always supportive of in situ bonding with the surrounding tissue, crosslink-
ing HA is an important tool and can affect the way in which cells interact with HA. While
non-crosslinked or loosely crosslinked HA scaffolds do not support the growth of human
mesenchymal stem cells (MSCs) due to their low strength and non-adhesive properties,
Lou, et al. have developed a viscoelastic HA hydrogel capable of supporting cell adhesion
and spreading [19,20]. HA-hydrazine can form transient, non-covalent, hydrazone bonds
with HA-aldehyde and/or HA-benzaldehyde. Aldehyde functionalized HA was found to
have an order of magnitude faster dissociation and association rate with HA-hydrazine
than HA-benzaldehyde. Therefore, increased concentrations of HA-aldehyde results in
slower stress-relaxing gels, and increased HA-benzaldehyde results in faster stress-relaxing
gels [19]. A hydrogel system composed of both allowed control over gelation time and
stress relaxation time. Stress relaxation time, as measured by 50% relaxation of initial stress,
was tuned broadly from as slow as 5 h to 20 min by switching from HA-benzaldehyde
to HA-aldehyde. Gel storage modulus was also varied from as low as 8.2 ± 1.1 Pa up to
471 ± 31.2 Pa by varying the molecular weight of HA and total HA concentration [19].
These scaffolds have been seeded with human MSCs [19] and human adipose derived stem
cells [20] and shown to be cytocompatible and support cell spreading at certain ratios of
HA-aldehyde and HA-benzaldehyde. This system is highly adaptable and can also be
augmented with other biomolecules. The addition of collagen added cell-binding motifs
not present on HA, affected viscoelasticity, and added a fibrillar component to the gels [19].
The addition of cellulose nanocrystals increased network organization and stiffness while
also increasing degradation time [21]. The addition of neither collagen nor cellulose
nanocrystals adversely affected the ability of HA gels to support cell growth [19–21].
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In addition to modulating the viscoelastic properties through creation of transient
crosslinks, several techniques have been developed to covalently crosslink HA through
reaction of the carboxylate groups on the GAG backbone. In applications related to muscu-
loskeletal tissue engineering, HA based polymer systems have also been shown to trigger
endochondral bone formation in vitro and in vivo [22], making it a prime candidate for
bone tissue engineering constructs. Poldervaart, et al. have shown that, not only can
methacrylated HA support osteogenic differentiation, it can also be 3D printed [23]. 3D
bioprinting allows for creation of porous scaffolds with a predefined shape and incorpora-
tion of cells and signaling molecules within the constructs in predetermined locations [24].
These photocrosslinkable gels showed long-term stability, lasting up to 14 days in the
presence of hyaluronidase at 3% gelatin versus 1–7 days at lower gelatin concentrations.
They also exhibited high stiffness, with storage moduli ranging from 170 ± 63 Pa up to as
high as 2602 ± 199 Pa and elastic moduli as high as 10.6 kPa depending on concentration of
HA (1–3% w/v) [23]. When seeded with bone marrow-derived human MSCs, cell viability
at 21 days remained at 64.4% and MSCs showed spontaneous osteogenic differentiation
without additional stimuli. While not required, bone morphogenic protein 2 accelerated
mineral deposition within these constructs [23]. Similarly, gels made of esterified HA have
also been shown to support osteogenic differentiation when seeded with bone marrow
concentrate [25]. Bone marrow concentrate allowed MSCs to remain surrounded by their
native microenvironment and circumvented the difficult process of pure MSC extraction,
while esterified HA provides mechanical support [26,27]. Thus, HA is compatible to
various crosslinking modalities.

Current research also explores new hydrogel manufacturing methods that not only
overcome the intrinsic weaknesses of HA, but also avoid the use of organic solvents/
reagents that cause toxicity and also allow for new types of HA constructs. HA microp-
orous gel systems, where microgels are combined with cells and other additives and then
crosslinked to form a macrogel, have been developed to overcome not only nano-porosity
issues common with other gels, but also to allow for non-toxic crosslinking after cell seed-
ing [28]. Microporous gels have enhanced cell and tissue integration properties when
compared to nano-porous gels [28]. These newer microporous gels improve upon first
generation gels that used techniques such as salt leeching [29], gas foaming [30], or using
harsh chemicals for creating micropores in gels. Using these older techniques, cells and sig-
naling factors needed to be seeded after pore formation and cell infiltration was limited and
slow. Using the newer microbead technique, acrylamide-functionalized HA was formed
into crosslinked microspheres using microfluidic droplet generation. The microgels were
crosslinked using dithiol matrix metalloprotease sensitive linker peptides. Subsequently,
microgels were mixed with human dermal fibroblasts and microbeads crosslinked to one
another using light-induced free radical polymerization or carbodiimide chemistry to form
a bulk microporous gel. This system allowed for the rapid cell infiltration necessary for
endogenous tissue integration without significant scaffold degradation often seen in other
hydrogel technologies that use cell remodeling of the matrix to allow for cells to enter [28].
This allows the gel to remain implanted longer while retaining its original mechanical
properties, which is important for enhancing cell lineage specification and retention [31].

2.2. Hyaluronic Acid Blends

More control over gel properties and better recapitulation of the extracellular matrix
are possible by combining HA with other natural polymers that confer mechanical strength,
cell binding motifs, and change the microstructure of the gel. Gelatin is an ideal copolymer
for HA as it provides structural support and RGD-integrin binding sites that allow cell
adhesion and proliferation, unlike HA alone [32]. Gelatin-HA constructs have been studied
extensively for regeneration of articular cartilage [33–35], wound healing [36–38], and even
vocal fold repair [39] due to their chondrogenic, angiogenic, and cell adhesive properties,
and their tunable viscoelastic properties. Like HA, gelatin can be methacrylated, which
allows for photopolymerization of gelatin-gelatin or gelatin-HA crosslinks. Constructs

259



Biomolecules 2021, 11, 29

made of methacrylated gelatin and HA have been shown to suppress hypertrophy and
increase GAG expression by embedded, human bone marrow stem cells and, when tested
in a full thickness osteochondral defect in rabbits, showed good cartilage regeneration [33].
Methacrylated HA and methacrylated gelatin can also be 3D bio-printed and polymerized
with embedded cells without affecting their viability or chondrogenic properties, making
them a good platform for custom, patient-specific cartilage implants [35]. Feng, et al.
have also shown that a slightly different chemistry involving thiolated gelatin and HA-
vinylsulphone can form hybrid microgels, generated from crosslinked microbeads, similar
to the HA-only microgels mentioned previously. Human bone marrow stem cells encapsu-
lated in HA-gelatin microgels showed high viability and chondrogenic potential. When
injected subcutaneously in mice, the cell-laden gels formed smooth, elastic, cartilage-like
tissue, and reduced hypertrophy and vascularization over the course of 8 weeks [34].

This ability to drive cell behavior is also augmented by the slow degradation rate of
gelatin. While HA alone promotes angiogenesis, decreasing gel degradation rate and pro-
viding cell binding sites, via complexation with gelatin accelerates healing and decreases
counterproductive inflammatory cell migration at wound sites [36]. When carbohydrazide
gelatin was combined with HA-monoaldehyde, they formed an injectable gel that showed
no toxicity when tested with human umbilical cord endothelial cells in vitro [36]. Further,
gels tested using an ex vivo rat aortic ring assay showed endothelial invasion and mi-
crovascular extension into the gel at the aortic ring-gel interface, supporting the hypothesis
that HA, which can be angiogenic on its own at the correct concentrations [36,40], can be
enhanced with a polymer that presents cell binding sites and slows gel degradation.

In wound healing, where angiogenesis is critical, Ebrahimi, et al. showed that elec-
trospun gelatin-HA constructs could accelerate healing of thermal burns in mice [41]. In
contrast to most other natural polymers, gelatin constructs can also be electrospun to
generate nanofibrous gels instead of standard monolithic ones. Nanofibrous scaffolds struc-
turally mimic the fibrillar structure of the extracellular matrix, allow for cell adhesion due
to the high surface area to volume ratio, allow oxygen to permeate, and allow cell waste to
escape, all while inhibiting pathogen infiltration [42], making them excellent candidates for
wound healing applications. Similar electrospun constructs have been made using gelatin
and HA combined with chitosan, which showed success in a mouse model of wound
healing [43] and rabbit models of alkali induced corneal burns [44]. All of these constructs
reduced inflammation and improved healing, demonstrating the potential improvement
of gelatin-HA construct using a nanofibrous structure. However, nearly all of them, with
the exception of acetic acid-based gel systems, use harsh solvents for electrospinning and
crosslinking, making their use cumbersome and potentially hazardous. In situations where
complex functionalization of the scaffold is required, an easily modifiable polymer such as
poly(caprolactone) [45] can be used to electrospin HA instead of gelatin. Poly(caprolactone)
(PCL) has been used extensively in biomaterials, especially for electrospinning, but it
lacks the cell signaling characteristics and hydrophilicity of HA. PCL electrospun scaffolds
doped with HA and epithelial growth factor have been shown to promote cell infiltration
while also up-regulating collagen and TGF-ß1 expression in vitro. In vivo, the HA-PCL
gels, when doped with endogenous growth factors, showed regeneration of a thicker
epidermis layer and formation of an organized dermis layer as well in a rat model of full
thickness skin wound healing [42]. Like the HA-Gelatin electrospun constructs, this system
also employs harsh solvents, such as chloroform, leaving room for improvement in the
electrospinning of nanofibrous HA scaffolds [42].

Less commonly, HA-gelatin solutions have been investigated for regeneration of mus-
cle tissue and as a model system for lung tissue. Gelatin and HA can both be functionalized
with tyramine to allow for gelation using horseradish peroxidase and H2O2 [32,46]. C2C12
murine myoblasts seeded on these tyramine crosslinked scaffolds were shown to retain
myoblast differentiation and myotube formation, while HA-only and Gelatin-only gels
did not. HA gels supported spherical cell morphology due to lack of cell binding sites
in HA, and gelatin gels showed dedifferentiation, as the gel collapsed under cell traction
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forces [32]. Kumar, et al. also showed that tyramine-functionalized HA and gelatin could
be spin-coated into membranes and seeded with cells to generate an in vitro model of the
alveolar basal epithelium for lung-based research. The films supported attachment, migra-
tion, and proliferation of alveolar basal epithelial cell line A549. When laden with growth
factors, the membranes also induced some epithelial differentiation in MSCs [37]. Taken
together, this research is suggestive of the vast potential of HA blended with gelatin and
other bioactive species for tissue regeneration. It also highlights the array of crosslinking
and manufacturing modalities that are under investigation to produce fully functional
HA-based tissue engineered constructs.

While HA-gelatin blends are promising materials, many other HA blends have been
investigated and have also shown promise. Tyramine functionalization of HA has been
studied in combination with silk polymers for tissue engineering constructs. Raia, et al.
have shown that HA-tyramine and silk fibroin-tyramine can be covalently crosslinked
to form tunable hydrogels that begin to approach relevant mechanical properties and
overcome some of the inherent weaknesses of HA [47]. In this study, silk fibers formed
di-tyrosine bonds via horseradish peroxidase, resulting in highly elastic gels containing
crystalline regions of silk. Tyramine-substituted HA, on the other hand, formed weak
hydrogels that degraded rapidly. Use of a combination of both biopolymers overcame these
weaknesses and resulted in tunable scaffolds. HA concentration in the matrix allowed
adjustment of gelation time, degradation rate, and water retention. HA only hydrogels
degraded within 6 days, while silk gels retained 70% of their mass on day 6. Hybrid gels
allowed for tuning rate of degradation within this range of 1–6 days [47]. Silk-HA gels also
achieved 100% strain before breaking, versus 30% in HA-only gels. Silk-only and HA-only
gels exhibited storage moduli of 2.27 ± 0.09 KPa and 0.55 ± 0.03 KPa, respectively, while
hybrid gels achieved moduli slightly beyond this range, peaking at 3.85 ± 0.08 KPa [47].
Silk gels alone were shown to allow adhesion and promote proliferation of human MSCs
and this property was conferred to silk-HA hybrid gels. HA-only hydrogels inhibited MSC
growth, showing an unadhered, spherical morphology after one week [47]. Combining silk
and HA in this gel construct augments HA with the mechanical strength and degradation
properties necessary to support cell growth with fine control over gel mechanical properties.

Similarly, tunable hybrid gels have been developed using HA and agarose. In contrast
to HA, agarose has good gelatinizing properties, but exhibits slow degradation, limiting
its use in some tissue engineering applications, which often target replacement of the
engineered scaffold with host tissue [48]. Chu, et al. have shown that grafting of HA to
agarose activated with epichlorohydrin resulted in a scaffold that presented the same cell
regulation motifs as HA alone but also supported cell adhesion and proliferation. The
gels were shown to stimulate TNF-α secretion in RAW 264 macrophages and upregulate
Collagen I and III secretion by 3T3 fibroblasts. Further, when tested in a murine model of
full thickness wound healing, agarose-HA gels showed rapid healing when compared to
controls over the course of 21 days, showing that HA can facilitate wound healing past
1 week when combined with a slowly-degrading polymer [49].

While this list of HA-polymer blends is not exhaustive, it does demonstrate the
enormous potential and versatilely of HA. HA interacts with cell receptors that regulate
inflammation, cell differentiation, and cell motility, making it useful for a myriad of tissue
engineering applications. However, it forms weak gels alone and does not adhere to
tissues or support cell adhesion through integrin receptors thought to be required for tissue
regeneration. These weaknesses can be overcome by functionalizing and crosslinking HA
or combining it with another polymer, such as silk fibroin, gelatin, collagen, agarose, or
polycaprolactone, which can provide strength and cell binding sites. In an appropriate
scaffold, HA has been shown to induce chondrogenesis, osteogenesis, and wound healing
by driving stem cell behavior. The ubiquitous nature of HA within the body and the ease
with which it can be functionalized and combined with other polymers fully supports
continued exploration of HA for successful development of tissue engineered products. A
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summary of HA tissue engineering constructs and their tested behavior can be found in
Table 2.

Table 2. Summary of all aforementioned hyaluronic acid hydrogel types and their tested behavior in vitro and in vivo.

HA Type Copolymer Type Biological Testing Biological Outcome

Unmodified HA46 Epoxy-Agarose

• Seeded RAW 264 macrophages
• Seeded 3T3 fibroblasts
• Mouse model of full thickness

dermal wound

• Increased TNF-α secretion
• Upregulated collagen I and III
• Accelerated healing in vivo

Unmodified HA40 Polycaprolactone

• Seeded human skin keratinocytes
and fibroblasts + epidermal
growth factor

• Mouse model of full
thickness wound

• Upregulated collagen I and III and
TGF-ß

• Accelerated healing in vivo

Methacrylated HA22 • Seeded Human Mesenchymal
Stem Cells • Osteogenic differentiation

Tyramine-HA43 Silk Fibroin • Seeded Human Mesenchymal
Stem Cells

• Supports Adhesion
and Proliferation

HA-tyramine37 Gelatin-Tyramine
• Seeded with C2C12 myoblasts
• Spin coated membranes seeded

with A549 alveolar epithelial cell34

• Induced myotubule formation
• Supported epithelial

differentiation in the presence of
growth factors

HA + Dithiol linker
peptide26

• Seeded Human
Dermal Fibroblasts

• Supports Cell adhesion
and proliferation

HA +
catecholamine16

• Human adipose derived stem cells
• Human hepatocytes
• Implantation in athymic mice

• Supports Cell Adhesion and
proliferation of both stem cells
and hepatocytes

• Implanted hepatocytes secreted
albumin detectable in the blood
stream in vivo

Esterified HA23 • Bone Marrow Concentrate • Osteogenic differentiation

HA-hydrazine17
HA-aldehyde,
HA-aldehyde,

and/or collagen

• Seeded with human Mesenchymal
stem cells

• Doped with cellulose nanocrystals
and seeded with 3T3 fibroblasts17

• Supports Cell adhesion
and proliferation

• Increased stiffness and retained
support of cell viability

HA-
monoaldehyde33

Carbohydrazide
gelatin

• Seeded with human umbilical
cord endothelial cells

• Rat aortic ring assay

• No toxicity
• Endothelial migration and

microvascular extension

Electrospun HA39 Electrospun gelatin • Mouse model of thermal burns • Improved burn wound healing

3. Chondroitin Sulfate

CS is composed of a repeating disaccharide made up of D-Glucuronic acid, a hexuronic
acid, and N-acetyl-d-galactosamine, an amino sugar. It is generally highly sulfated with
-SO3 occuring at C4 or C6 on galactosamine [1]. Four subsets for CS exist: A, C, D, E. These
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subsets are differentiated by the location of the sulfates in the sugar rings. CS type B has
subsequently been classified as dermatan sulfate; another GAG discussed later [50]. CS
is an integral part of solid connective tissues such as cartilage, bone, skin, ligaments, and
tendons [51]. Similar to HA, CS, when bound to a proteoglycan such as aggrecan, plays a
key role in retention of water, due to the high density of anionic groups, and resistance to
compression making it key in the cushioning and lubrication of joints [50,51].

Chondroitin sulfate-based gel systems have been developed for cartilage [52] and
other tissue repair [53]. Similar to HA, chondroitin sulfate has the capacity to induce
cell differentiation, making it useful in chondrogenic and osteogenic constructs, however,
unmodified and alone, it also lacks the essential mechanical properties necessary for
implantation into tissues [54] including cartilage, bone defects, or the nucleus pulposus
(NP). Unlike HA, CS promotes cell adhesion and can be used to make non-adhesive
polymers adhesive to cells [54]. The bulk of current research, therefore, focuses on adding
CS moieties to tissue engineering constructs while mimicking the physical properties of
native tissue. This can be done by incorporation of free CS chains into a different bulk
material, crosslinking CS to itself or to another polymer [55–58]. In most systems, CS
is conjugated with a covalent crosslinker that allows for self-gelation or gelation into a
multicomponent matrix. In some systems, CS is entrapped in a matrix and allowed to
diffuse in a manner controlled by mesh size and charge interactions [59]. The exact effects
of immobilization technique on cell response to CS is still not well understood. However,
the wealth of studies incorporating CS is shedding light onto biological activity inherent
to CS.

3.1. Sulfation and Sulfation Pattern Suport Biological Activity

In bone tissue engineering, CS is responsible for coordinating osteoblast attachment,
cell lineage commitments, and differentiation [60,61]. CS also interacts with growth factors
critical for bone regeneration [61]. As such, CS scaffolds have the potential to replace
the collagen scaffolds impregnated with Bone Morphogenic Protein 2 (BMP-2) that are
currently the medical gold standard for treating critically sized bone defects. BMP-2 is
an osteoinductive growth factor. The human recombinant form is approved by the FDA
and used clinically with collagen sponges when autograft and allograft are not feasible
to repair a bone defect. Andrews, et al. demonstrated extended release of recombinant
human BMP-2 from CS scaffolds compared to their collagen sponge counterparts. CS
based scaffolds showed very similar total release as compared to collagen gels after 15 days.
However, the time to 50% BMP-2 release was 1.5 days for collagen, versus 5 days for
CS gels, demonstrating a much more linear release profile, despite comparable total re-
lease [62]. Unmodified CS alone cannot, however, form structurally integral scaffolds
that support cell growth and be implanted in the body. A common way to overcome this
limitation is to methacrylate CS, which allows the polysaccharide chains to be crosslinked
via photopolymerization using UV light and a photoinitiator such as 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone [62]. When used to treat a challenging critically
sized femoral defect in rats, methacrylated CS scaffolds loaded with BMP-2 induced com-
parable bone formation to the BMP-2 in collagen sponges as measured by bone volume,
strength, and stiffness [62], despite the improved release kinetics of CS based gels. This
could be due to the more rapid release of BMP-2 from collagen gels, which showed an
initial burst release and demonstrated a collagen deposition pattern characteristic of more
mature bone than CS gels [62]. Taken together, these data show the potential of CS-based
systems to improve growth factor release kinetics and induce osteogenesis at a level that,
at the very least, is equivalent to the current gold standard [62]. This is due in part to the
osteogenic interactions between cell surface receptors and CS, but also due to the ability
of CS to sequester and release growth factors in a controlled manner via growth factor
interactions with the sulfated CS.

This affinity for growth factors and ability to control growth factor presentation to cells
also confers CS with the ability to drive neuronal regeneration [63,64]. Besides osteogenic
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factors like BMP-2, methacrylated CS scaffolds have a strong affinity for fibroblast growth
factor 2 (FGF2) and brain derived neurotrophic factor (BDNF), which can be added directly
or via impregnation with platelet-rich plasma that contains these growth factors. This
affinity for charged growth factors is strong enough that FGF-2 and BDNF release has
been shown to be sustainable for 15 days, significantly longer than release from platelet
rich plasma alone [63]. The degree of CS sulfation and sulfation patterns affect growth
factor binding and release in addition to other cellular responses. Karumbaiah, et al.
investigated the effects of disulfated and monosulfated CS on neurotrophic factor binding,
neuronal homeostasis and the influence of variably sulfated CS in biomaterials on neural
stem cell fate [65]. They found that binding of neurotrophic factors is dependent on
CS sulfation and varies between mono and disulfated CS constructs. In addition, they
confirmed the cytocompatibility of methacrylated CS gels for neuronally derived cell lines
and demonstrated their ability support self-renewal of rat neurospheres. In other studies,
when seeded with embryonic chick dorsal root ganglia, CS gels yielded better nerve growth
than their HA counterparts [64]. These studies also showed that control over growth factor
binding and direction of nerve growth are dependent on the sulfation patterns [64,65].
Therefore, scaffolds containing CS with the appropriate sulfation patterns can potentially
be used in combination with growth factors to encourage and direct nerve growth more
effectively than commonly used HA scaffolds. Further, sustained controlled release of
growth factors utilizing GAGs such as CS may limit systemic exposure and subsequent
unintended physiological responses.

Methacrylation of CS also allows for covalent crosslinking to form scaffolds that not
only control growth factor presentation, but also drive bone mineralization. Calcium and
phosphate are critical components for bone inorganic structure [66–68], so in addition to
the need for release of growth factors for bone regeneration, there is a need to support the
growth of the ceramic component of these composite tissues. A myriad of methods for
incorporating calcium and phosphate ions into biodegradable scaffolds have been explored
for bone tissue engineering [69–71]. Hydrogels that provide nucleation points for hydroxy
apatite, such as ethylene glycol methacrylate phosphate (EGMP), induce faster apatite
growth [71]. Kim, et al. have shown the methacrylated CS can be crosslinked to polyethy-
lene glycol diacrylate (PEGDA) to form a gel which promotes nucleation of hydroxy apatite
and sequesters the necessary calcium and phosphate ions, thanks to the charged sulfate
groups on CS [72]. PEGDA was selected as a bioinert copolymer that is easy to handle,
easily seeded with cells [72] and allows for variation of CS concentration in the system
to elucidate the relationship between CS concentration and ion sequestration/deposition.
Calcium and phosphate ion concentration in the gel was positivity correlated with CS
concentration, and PEGDA-CS gels developed white particulate coatings in the presence of
phosphate buffered saline [72], indicating PEGDA + CS is able to provide nucleation points
for calcium and phosphate deposition. When embedded with human tonsil-derived MSCs,
this gel technology demonstrated acceleration bone mineralization relative to controls and
showed ion binding and distribution within negatively charged hydrogel was dependent
on CS concentration. Furthermore, the biomineralizing microenvironment induced osteo-
genesis and deposited calcium and phosphate showed a native hydroxyapatite structure.
When tested in a mouse model of critically sized calvarial defect, the cell-laden PEG-CS
gels showed 2–3 times higher regeneration volume than controls [72]. Miyamoto, et al.
have shown a similar ability of CS to induce hard tissue generation when combined with
sodium alginate [73]. Together, these studies highlight the multifunctionality of CS, i.e.,
growth factor binding and nucleating calcium phosphate deposition, and the important
role it plays in tissue regeneration.

3.2. Chondroitin Sulfate Blends

While methacrylated CS forms mechanically robust hydrogels that retain the inherent
functionality of CS and have been shown to support chondrogenesis, osteogenesis and
neurogenesis in vitro and in vivo, they require photopolymerization, meaning, in clinical
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applications, these constructs would require specialized tools for delivery and ultra-violet
light for polymerization, which could potentially injure surrounding healthy tissue [74].
Tang, et al. approached this issue by developing a hydrogel scaffold comprised of CS
functionalized with graphene oxide. Johnson–Claisen rearrangement chemistry allowed
graphene oxide (GO) to be functionalization with primary amines. A solution composed
of CS and modified GO gelled in situ within 10 min and the incorporation of graphene
improved stiffness and toughness drastically (320 and 70%, respectively) over gels made
of just CS. They also proved to be highly porous, resistant to degradation, and enabled
MSCs to proliferate and deposit collagen matrix [75]. Of note, however, the entrapment
of cells and potential chemical remnants from the EDC/NHS chemistry did initially slow
cell metabolism [75]. Potentially of value is the conductive nature of GO, which may
confer the scaffolds with the ability to induce natural conductive currents to improve tissue
regeneration.

New CS crosslinking methods provide new ways to study the interactions of CS
with cells in the absence of other extracellular matrix components and, in that regard,
are indispensable. However, CS is not the sole constituent of the extracellular matrix
in any tissue in the human body, but rather is interlaced with other GAGs and natural
polymers. Therefore, combining CS with different polymers presents an opportunity to
further control a gel’s rheological properties, present additional biological signals, and
better mimic native tissue. For example, collagen scaffolds functionalized with CS have
been shown to recapitulate the chondrogenic niche, modulate inflammation, and mimic
the mechanical properties of native collagen [55]. Corradetti, et al. demonstrated that such
constructs support chondrogenic differentiation in rat bone marrow-derived stem cells
in vitro and suppressed inflammation in vivo. MSCs grown on CS-collagen constructs
aligned with scaffold pores, whereas cells grown on scaffolds containing only collagen
showed clustering behavior, demonstrating that the presence of CS in the CS-collagen
scaffolds is essential to influence cell-scaffold adhesion and [55], therefore, cytoskeletal
organization and differentiation [76,77]. These cells also developed more intracellular
vesicles, which have been associated with enhanced intercellular communication [78].
The constructs innately induce chondrogenic differentiation, and even though they didn’t
support osteogenesis innately, they displayed a synergistic effect with osteogenic media,
showing increased expression of osteogenic factors Alp, Spp1, and Bgla compared to
controls [55].

CS has also been combined with collagen using genipin as a crosslinker for tissue
engineered scaffolds for regeneration of different types of cartilage, such as the nucleus
pulposus. Forming a lightly crosslinked, gelatin-like scaffold, type II collagen and CS
crosslinked with genipin are biocompatible and support differentiation of adipose-derived
stem cells in vitro. When used as an injectable carrier of adipose derived stem cells in a rat
model of NP degeneration CS-collagen gels showed increased disc height, water content,
proteoglycan and type II collagen synthesis, and partial recovery of NP structure [57].

3.3. Processing Techniques and Manufacturing

As tissue engineering systems become more advanced, research naturally trends
towards improving their utility in the clinic. Recent studies using CS in tissue engineer-
ing, therefore, explore ways to make cell-seeded CS scaffolds injectable and tailorable
to individual patients. Injectable tissue engineering constructs are advantageous as they
do not require invasive surgeries to implant. Chen, et al., for example, have developed,
an enzymatically crosslinked, injectable, and biodegradable hydrogel system comprised
of carboxymethyl pullulan and chondroitin sulfate functionalized with tyramine. These
conjugates are crosslinkable under physiological conditions using horseradish peroxidase
(HRP) and hydrogen peroxide. Porcine articular chondrocytes embedded in these gels
demonstrated proliferation and enhanced cartilage-like extracellular matrix deposition over
controls, indicating chondrogenesis [79]. This HRP crosslinking method has the potential
to form minimally invasive, injectable hydrogels for a myriad of tissue engineering applica-
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tions, as the molecular weight ratios, polymer concentrations, and crosslinker concentration
can all be modified to fine tune gel properties [80,81]. Li, et al. took this one step further
and developed a similar system using oxidized CS and pullulan functionalized with adipic
hydrazide that is self-gelling and forms in situ. Similarly, this system demonstrated good
biocompatibility and chondrogenic properties [82], and supports the concept of developing
in situ gelling CS scaffolds for tissue engineering.

A common way to make cell scaffolds injectable is to make them sheer thinning or
thermo responsive via combination with a polymer like Chitosan. Chitosan is broadly used
for the synthesis of injectable hydrogels due its biocompatibility [83] and thermosensitive
capabilities [84]. CS has been combined with chitosan-poly(hydroxybutyrate-co-valerate)
in the form of a nanoparticle for nucleus pulposus regeneration. Similar to CS + collagen
systems, this hydrogel system supports viability, adhesion, and chondrogenic differentia-
tion of adipose derived stem cells and shows potential for NP regeneration [85]. Alinejad,
et al.’s work provides evidence that the gels made with chitosan and CS can be prepared
with weak bases such as sodium hydrogen carbonate and beta-glycerophosphate to form
thermosensitive, injectable and biocompatible scaffolds with tunable physical properties.
Cytocompatibility of these hydrogels scaffolds was also shown to be good. When evaluated
with L929 fibroblasts, they showed high viability and metabolic activity for up to 7 days.
This effect was enhanced by the addition of CS relative to controls. [56]. CS can also be
linked to a chitosan scaffold if the chitosan is functionalized with hydroxy butyl groups
and the CS is oxidized, allowing them to crosslink via the Schiff-base reaction [58]. These
injectable gels also show good biocompatibility and support adipose derived stem cells,
while not eliciting an immune response [58]. This injectable system, however, differs, in
that a pre-gel of oxidized CS and hydroxy butyl chitosan can be injected and subsequently
completely gelled by injecting more oxidized CS. The authors see this as applicable in
molding processes for custom made tissue engineering constructs that are shaped to the
patient [58].

Injectable gels also open the door to 3D bioprinting of tailored, patient-specific con-
structs. Bioprinting generates 3D scaffolds with reproducible and complex structures and
offers the opportunity to generate customized hydrogel scaffolds with a predetermined
pattern, shape, and size. Engineered cartilage plugs, for example, can potentially be sized
to a patient’s joint and shaped exactly to match the defect they aim to repair. In order to
3D print a tissue engineering scaffold, the gel used must have the correct rheological prop-
erties to be extruded and undergo rapid gelation upon deposition [86]. Abbadessa, et al.
have combined photopolymerizable methacrylated CS with thermosensitive poly(N-(2-
hydroxypropyl) methacrylamide-mono/dilactate)-polyethylene glycol triblock copolymer
(M15P10). Unlike polymer solutions composed of methacrylated CS alone or M15P10
alone, mixtures containing CS and M15P10 showed strain-softening, thermo-sensitive and
shear-thinning properties. The 3D printing of this hydrogel resulted in the generation of
constructs with tailorable porosity and embedded chondrogenic cells remained viable and
proliferating over a culture period of 6 days [86] confirming the potential of this hydrogel
solution for injectable, cell laden tissue engineering constructs.

While 3D printing and injection molding allow engineered tissues to be structurally
modified on the macro scale, they do not offer the nanoscale structural control of elec-
trospinning. As mentioned previously, electrospun, nanofibrous scaffolds have many
advantages over monolithic hydrogels for some tissue engineering applications, namely
for dermal grafts. They structurally mimic the extracellular matrix, allow for cell adhe-
sion, allow oxygen to permeate, and allow cell waste to escape, making them ideal for
wound healing [42]. Unmodified CS and the aforementioned hydrogel systems do not
allow for electrospinning as do polycaprolactone-based systems [83]. Using acetic acid
and water to reduce the use of potentially toxic organic solvents, Sadeghi, et al. have
electrospun a gelatin/polyvinyl alcohol/chondroitin sulfate nanofibrous scaffold for skin
tissue engineering [87,88]. Results indicated that the gels were not cytotoxic and L929
fibroblasts attach and proliferate on the scaffolds without issue, as assessed via scanning
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electron microscopy [87], indicating they may be suitable for skin remodeling and regener-
ation. Further, this suggests that with further work, viable methods for electrospinning
biocompatible scaffolds at scale will be realized.

In summary, Chondroitin sulfate-based gel systems have been developed for cartilage
and bone repair, and wound healing due to their ability to direct cell attachment, cell
lineage commitments, and differentiation [60,61]. Similar to HA, CS lacks the essential
mechanical properties necessary for implantation. The bulk of current research, therefore,
focuses on adding CS to bulk scaffolds for mechanical support or crosslinking CS. CS, when
self-gelled or crosslinked to another organic or inorganic agent, has been shown to promote
mineralization and osteogenesis, chondrogenesis, and wound healing in cell-laden tissue
engineering constructs. Collectively, these studies demonstrate the key role CS plays in
serving as a depot for growth factors to rapidly make them available as necessary for
regeneration and engineering of new tissues. They also highlight the importance of highly
charged sulfate groups on CS for binding of these factors and aggregation of ions such as
the calcium and phosphate required for skeletal and dental bone mineralization. Many
advances have also been made in making these constructs injectable and customizable
using 3D printing and newer crosslinking modalities, while reducing the use of harsh,
cytotoxic chemicals. A summary of CS hydrogel system and their tested behavior in vitro
and in vivo can be found in Table 3.

Table 3. Summary of all aforementioned chondroitin sulfate hydrogel types and their tested behavior in vitro and in vivo.

CS Type Copolymer Type Biological Testing Biological Outcome

Unmodified CS51 Collagen

• Seeded human mesenchymal
stem cells and blood
mononuclear cells together

• Implantation under mouse
dorsal skin

• Bolstered ability of
mesenchymal stem cells to
reduce inflammation in blood
mononuclear cells

• Chondrogenic differentiation
• Low neutrophil infiltration

in vivo

Unmodified CS53 Collagen II + Genipin

• Seeded human adipose
derived stem cells

• Rat model of nucleus
pulposus degeneration

• Chondrogenic differentiation
(nucleus pulposus specific)

• Regeneration of nucleus
pulposus in vivo

CS + chitosan
nanoparticle79

chitosan–
Poly(hydroxybutyrate-

co-valerate)

• Seeded human adipose
derived stem cells

• Rat model of nucleus
pulposus degeneration

• Chondrogenic differentiation
• Regeneration of nucleus

pulposus in vivo

Unmodified CS52 Chitosan + SHC* + BGP* • Seeded with L929 Fibroblasts • Supports Cell adhesion
and proliferation

Unmodified CS54 Hydroxy–Butyl–
Chitosan

• Seeded with Human adipose
derived stem cells

• Supports Cell adhesion
and proliferation

Unmodified CS68
Polyethylene glycol + CS

binding peptide +
crosslinker peptide

• Embryonic Chick Dorsal
Root Ganglia • Enhanced nerve growth

Methacrylated CS58

• Seeded with rate central
nervous system neurospheres

• Critically sized femoral defect
in rats

• Promotes survival and
self-renewal of neurospheress

• Bone regeneration in
constructs containing BMP-2
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Table 3. Cont.

CS Type Copolymer Type Biological Testing Biological Outcome

Methacrylated CS68 Polyethylene glycol

• Seeded with human
mesenchymal stem cells

• Mouse model of
calvarial defect

• CS-dependent calcium and
phosphate sequestration

• Osteogenic differentiation and
mineral deposition

• Bone regeneration

Unmodified CS69 Alginate
• Seeded rat bone marrow cells
• Implantation in rat

dorsal subcutis

• CS-dependent
Osteocalcin deposition

• CS-dependent Osteogenesis
in vitro

CS + Tyramine75 Hydroxymethyl
Pullulan

• Seeded with porcine
articular chondrocytes

• Subcutaneous implantation
in mice

• Supports Cell adhesion
and proliferation

• Cartilaginous
matrix deposition

• Good biocompatibility in vivo

Oxidized CS76 Pullulan-adipic
hydrazide

• Seeded rabbit
articular chondrocytes • Supports chondrogenesis

Unmodified CS81 Polyvinyl alcohol and
gelatin

• Seeded with L929 fibroblasts • Supports Cell adhesion
and proliferation

Methacrylated CS59 pHPMAlac-PEG triblock
polymer*

• Seeded with Chondrogenic
ATDC5 cells

• Supports cell survival
and proliferation

CS-Graphene Oxide72 • Seeded with human
mesenchymal stem cells

• Supports cell proliferation and
deposition of collagen matrix

Unmodified CS80 PDMAEA-Q*

• Tested Adhesion to porcine
skin in vitro

• Seeded with HEPG2 human
liver cancer cells

• Strong adhesion to tissue
• Supports cell survival

and proliferation

4. Chondroitin Sulfate-Hyaluronic Acid Hybrid Tissue Engineering Systems

More recently, there has been an increase in papers published describing tissue en-
gineering systems that utilize more than one GAG to explore their synergy with respect
to directing cell behavior. Fernandes-Cuhna, et al., for example, investigated the ability
of an HA+CS construct to support MSCs and accelerate corneal healing in several mouse
models of corneal injury. The results showed that a once-daily application of MSCs in
HA/CS enhances epithelial cell proliferation and wound healing after injury to the cornea.
It also reduced scar formation, neovascularization, and hemorrhage after alkaline corneal
burns [89]. Building on single GAG hydrogels, like those formed from methacrylated CS,
recent studies show that CS and HA alone can form scaffolds by crosslinking methods
including functionalization with tyramine. Tyramine functionalized CS and HA can be
covalently bonded to form strong, elastic gels that offer good viability when seeded with
MSCs [90]. Similarly, electrospun scaffolds like the gelatin/PVA/CS mentioned earlier
can instead be formed using gelatin, HA, and CS. These gels, loaded with sericin, showed
several-fold increases in proliferation of human foreskin fibroblast, human keratinocyte
and human MSCs, and supported epithelial differentiation in all three cell types. In addi-
tion, expression of some dermal proteins was achieved [91]. HA and CS have also been

268



Biomolecules 2021, 11, 29

combined with gelatin and silk fibroin for cartilage tissue engineering. This combination
was found to induce chondrogenesis of bone marrow MSCs [92]. These experimental
systems lend support to the idea that tissue engineering constructs will only improve as
the appropriate GAGs for each system are incorporated.

Research using CS or HA alone in tissue engineering has progressed drastically
since the inception of tissue engineering in the late 1980s. With this comes the transition to
incorporation of both HA and CS into scaffolds to better recapitulate the native extracellular
matrix and improve tissue regeneration. Preliminary research combining both suggests
they may work to together to improve regeneration of the cornea, articular cartilage, or
skin following trauma.

5. Dermatan Sulfate

DS is found in the cornea, where it maintains optical clarity, and in the sclera, where
it helps to maintain the eye’s overall shape [93]. Further, it is found in blood vessel
walls, heart valves, and the umbilical cord during pregnancy where it plays a key role in
regulation of the extracellular matrix [93]. Its composition is very similar to that of CS,
as demonstrated by its former name CS type B, however I-iduronic acid a C5 epimer of
glucuronic acid, substitutes for hexuronic acid found in CS [50]. Sulfation is found on C4
or C6 of the galactosamine ring and sulfation levels increase with age [93].

DS has been implicated in the development of many pathologies, such as cancer
metastasis [94], connective tissue diseases [95], and inhibited neuron regeneration [96].
Research focusing on DS in tissue engineering is sparse, with the bulk of research focusing
on discovery of its functions and some research focusing on DS, modified DS, and DS pro-
teoglycans as therapeutics or as a targeting mechanism for drug delivery [97–101]. This lack
of exploration can likely be attributed to two key factors: the recent reclassification of DS
from chondroitin sulfate B, and the extreme complexity of DS synthesis and physiological
interactions. DS interactions are based upon the composition and sulfate functionalization
patterns of the chain allowing for a high diversity of patterns and potential interactions
similar to those seen for CS. For example, xyloside-primed dermatan sulfate from breast
carcinoma cells has cytotoxic effects and this behavior is only exhibited by DS of a defined
disaccharide composition [102]. This is the first example of cytotoxic effects of dermatan
sulfate and highlights the complexity of cell interactions with sulfated GAGs. There has,
however, been some research focusing on the use of DS in tissue engineering. DS proteogly-
cans are key moderators of fibrinogenesis and K.M., et al. have shown that this behavior
can be recapitulated in vitro when combining DS with collagen scaffolds. Collagen fibril
formation was shown to be dependent on DS concentration, with low concentrations result-
ing in disorganized fibrils and higher concentrations resulting in more organized, but less
dense fibrils [103]. A more unique use for DS in tissue engineering may be in surface modi-
fication of implantable devices. DS, when combined with chitosan in a multi-layer coating
on polyethylene terephthalate surface show high surface wettability and inhibited biofilm
formation, two important factors in implantable devices such as vascular prosthetics [104].

It has also been shown recently that mouse embryonic stem cells undergo neuronal
differentiation via activation of signal-regulated kinase 1/2 and human neural stem cells
undergo neuronal differentiation and neuronal migration in the presence of DS [105]. This
lends some promise to the use of DS to drive stem cell differentiation in neuronal tissue
engineering constructs similar to the use of HA and CS as mentioned previously.

6. Heparan Sulfate and Heparin

Heparan sulfate’s dominant repeating disaccharide unit is composed of glucuronic
acid linked to N-acetylglucosamine [1]. Heparan sulfate is considered the most complex
GAG and medical uses of this GAG are currently few and far between. Heparin, on
the other hand has seen a myriad of medical applications. It is composed primarily
of iduronic acid-N-sulfoglucosamine disaccharide units and is heavily sulfated. Many
naturally occurring GAGs display a hybrid structure that blurs the line between HS and
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heparin. It has been proposed that the name heparin be only applied to GAGs containing
more N-sulfate groups than N-acetyl groups. This falls in line with the generally accepted
distinction that heparin is more highly sulfated than HS [106].

Pan, et al. have combined CS-chitosan scaffolds with heparin-gelatin microspheres
to utilize the growth factor sequestering properties of heparin. These gels were formed
from oxidized CS and carboxymethyl chitosan using the schiff’s base reaction similar to the
gels mentioned previously. Doping with these microspheres accelerated gelation, slowed
weight loss, increased water uptake, and increased the compressive modulus over controls.
Adipose-derived stem cells showed good viability as they did with the CS-chitosan gels,
but had the added benefit of controlled release of incorporated growth factors such as
insulin-like growth factor 1, while gels without heparin-gelatin microbeads exhibited
burst release. These gels also showed the same injectability of CS-chitosan only gels for
non-invasive tissue engineering therapies [107].

Tissue engineering research using heparan sulfate and, in some cases heparan sulfate
mimetics [108], has recently increased as it became clear that HS can be administered to
injury sites to support bone healing [109] and angiogenesis [110] and might, therefore,
confer benefits to tissue engineering constructs. Lee, et al. recently investigated the
binding affinity of a myriad of growth factors including TGF-β1, BMP-2, FGF-2, PDGF-BB,
and VEGF165 and found it binds them all but with varying affinities, that may depend
on the sulfation pattern and composition of the HS used. Further, in a mouse model
of osteochondral defect, HA gels loaded with HS and no growth factors or stem cells
showed recovery to normal or near normal as measured using the International Cartilage
Regeneration and Joint Preservation Society cartilage injury evaluation scoring system.
Gels containing HS were also the only to support regeneration of bone and cartilage, while
HA only gels did not support bone regeneration [111]. Sefkow-Werner, et al. also noted that
HS as part of a gel construct including bone morphogenic protein 2 and cyclic RGD worked
synergistically with the growth factor and cell adhesion molecule in eliciting osteogenic
differentiation and promoting enhanced and sustained signaling [112]. Possibly more
importantly, they developed a streptavidin-based system that allows for tunable amounts
of each ligand to be immobilized in a gel to investigate how their relative densities affect
cell behavior with the potential to further the use of GAGs to improve tissue engineering
constructs. While work with HS and heparin in tissue engineering is nascent with the
exception of controlled release of growth factors, as more is learned about these important
extracellular matrix components we anticipate that, as with other GAGs, their uses will
increase.

7. Keratan Sulfate

Keratan sulfate is the exception to the usual hexuronic acid plus amino sugar compo-
sition of GAGs and is instead composed of galactose and acetylated glucosamine [1]. KS
is a widely distributed GAG, even more so than those previously mentioned. It is found
in the weight bearing connective tissues and epithelial tissues, as well as in the central
and peripheral nervous systems, where it plays a key role in control of ion fluxes between
neurons [4]. Cells’ ability to respond to biochemical stimuli is contingent on the ability to
control and sense ion fluxes and KS plays a key role in the regulation of this, and further,
the pathophysiology neuronal disorders such as epilepsy [4]. Control of charges and ion
gradients such as these also play a role in adhesion, proliferation, and differentiation of
cells, and even wound healing [113]. This importance in chemical and ionic signaling is
further highlighted by the fact that the brain is the second most KS rich organ following
the eyes, where, as part of a KS proteoglycan, it plays a role in neurogenesis, demarcation
of brain areas, direction of neuronal growth, and repair processes [5].

Despite its ubiquity, Keratan sulfate’s interactions and uses in tissue engineering are
the least understood out of all of the GAGs [114] and its applications in tissue engineering to
date are nonexistent. The majority of current research focuses on discovery of KS’ role in re-
generative neural processes [114], airway/lung inflammation [115,116], and infection [117],
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emphysema [118], corneal dystrophy [119], cancer malignancy [120], and specialized func-
tions in other species [121,122]. An emphasis has also been placed on analyzing sources for
isolatable KS [123], and KS as a contaminant in CS purification [124–126].

8. Summary and Future Directions

GAGs are used in tissue engineering constructs to recapitulate the ECM and, thereby,
drive stem cell differentiation or retention of phenotype of implanted cells. This allows
them to be used as implants for regeneration of damaged tissue. Recent research in
this field focuses on tissue engineering constructs for wound healing in skin and cornea,
restoring damaged cartilage, such as articular cartilage and the NP, restoring bone, and
neuronal regeneration. Research in the last five years generally focuses on three key
areas: (1) overcoming the physical limitations of GAGs alone, by developing scaffolds that
mimic the rheological properties of native tissues that can be doped with CS to present
its moieties; (2) exploration of growth factor and ion sequestering by GAGs in TECs and
how this affects their ability to promote cell differentiation and tissue regeneration with
one or multiple GAGs; (3) advancement of hydrogel crosslinking technologies to reduce
cytotoxicity of components and reagents and confer new, useful properties, such as sheer
thinning/thermos-responsiveness for 3D printing, or to allow for GAG-only scaffolds
that do not require polymers such as chitosan, collagen, PEGDA, etc. Area (1) has been
investigated quite heavily to date, but new potential applications are still emerging, and (2)
and (3) leave much room for exploration. We have seen that incorporation of gel formations
with one GAG to drive cell fate and tissue regeneration has been heavily explored in some
tissues, such as cartilage and bone with some emerging research in combining multiple
GAGs into a construct. Moreover, each GAG has been investigated to a different extent.
The general trends in tissue engineering using GAGs and where each GAG stands in
the process are summarized in Figure 3. Moving forward, we expect to see more tissue
engineering constructs that incorporate multiple GAGs to elucidate their synergistic effects
on stem cell fate and their composite potential for tissue regeneration, whether the form is
as functionalized, crosslinked GAGs alone or GAGs immobilized or crosslinked into a gel
composed of another polymer.

Figure 3. The four generalized steps of incorporating glycosaminoglycans into tissue engineering
and the relative progress of each in this process.
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All tissues contain a complex mix of different GAGs with different compositions,
as described previously. It follows, then, that future research will increasingly focus on
different “versions” of the same GAG and combinations of different GAGs in different
ratios to recapitulate native tissue. This will be especially true as the wealth of knowledge
regarding each GAG individually grows. Moving forward, we expect to see an increasing
number of tissue engineering constructs with two or more GAGs and insight into their
interplay. We also expect increased application of GAG based or GAG+ polymer gels in a
wider variety of biological systems.
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Abstract: Non-covalent interactions in supramolecular chemistry provide useful systems to under-
stand biological processes, and self-assembly systems are suitable assets to build-up innovative
products for biomedical applications. In this field, polyelectrolyte complexes are interesting, espe-
cially when polysaccharides are involved, due to their non-toxicity and bio-absorbability. In this
work, we investigated a polyelectrolyte formed by hyaluronic acid (HA), a negatively charged linear
polysaccharide, with Chitlac (Ch), a positively charged lactose-modified chitosan. The aim of the
study was the investigation of a novel Ch–HA polyelectrolyte complex, to understand the interaction
between the two polysaccharides and the stability towards enzymatic activity. By means of gel
permeation chromatography–triple detector array (GPC–TDA), nuclear magnetic resonance (NMR),
dynamic viscosity, Zeta Potential and scanning electron microscopy (SEM), the polyelectrolyte com-
plex properties were identified and compared to individual polysaccharides. The complex showed
monodisperse molecular weight distribution, high viscosity, negative charge, and could be degraded
by specific enzymes, such as hyaluronidase and lysozyme. The results suggest a close interaction
between the two polysaccharides in the complex, which could be considered a self-assembly system.

Keywords: chitosan; hyaluronic acid; lactose modified chitosan; NMR; molecular weight distribution;
SEM; rheology; hyaluronidase

1. Introduction

Supramolecular chemistry relies on non-covalent interactions, like hydrogen bonds,
hydrophobic and Van der Waals forces, and metal–ligand coordination. These interactions
control many self-assembly processes, such as biological processes, and can be used to
design innovative products for biomedical applications. Polysaccharides, due to their
promising biomedical and biological applications, such as tissue engineering, biosensor
and wound healing, are a particularly interesting class of molecules: intra- and inter-chain
interactions, together with ion pairs, originate primary, secondary, tertiary, and quaternary
structures, leading to supramolecular architectures [1,2]. Such architectures are suitable
for a variety of applications, ranging from drug delivery to enhance the bioavailability of
poorly soluble drugs [3]. Hydrophobized polysaccharides were synthetized to produce
supramolecular structures in water, and their interactions with soluble proteins or other
molecular assemblies, such as monolayers, black lipid membranes, liposomes and oil-in-
water emulsion were studied [4].

Among the extensive number of polysaccharides available as candidates for biopoly-
mer engineering, glycosaminoglycans (GAGs) are highly promising candidates [5]. GAGs
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are linear polysaccharides, which consist of repeating disaccharide units, usually include a
uronic acid component (such as glucuronic acid), and a hexosamine component (such as
N-acetyl-D-glucosamine).

In particular, hyaluronic acid (HA) is a linear polysaccharide with a poly-repeating
disaccharide structure [(1→3)- β-D-GlcNAc-(1→4)- β-D-GlcA], which can be found ubiq-
uitously in all vertebrate tissues extracellular matrix (ECM) [6,7]. Glucuronic acid residues
contain a carboxyl group, which confers a negative charge on HA. Despite its relatively
simple chemical composition, HA is involved in several biological functions, such as mor-
phogenesis, tissue remodelling, inflammation, and tumours development and metastasis;
in addition, HA contributes directly to the maintenance of tissue homeostasis and biome-
chanics [7]. Biocompatibility, biodegradability, high viscoelasticity, and immunoneutrality
make HA an attractive polymer for biomedical and pharmaceutical applications. Fre-
quently, HA acts as a space filler, applied to treat joint diseases such as in osteoarthritis and
in eye surgery as replacement fluid, for drug delivery, and tissue engineering applications.
HA is availed in viscosupplementation therapy, with the therapeutic goal to restore the
viscoelasticity of synovial fluid. Indeed, HA is continuously secreted in the articular cavity
and is one of the most common components of synovial liquid, giving rise to its character-
istic viscoelastic properties. These rheological properties are essential for the lubrication
and shock protection of healthy joints, allowing the protection of cartilage and soft tissues.
In the event of traumatic and degenerative diseases, the amount of HA is lowered and
synovial fluid experiences a viscosity drop, impairing joint functionality, and causing
pain [8–10]. For applications, unmodified HA and chemically modified or cross-linked HA
are used [11,12]; the derivatization of HA increases its mechanical properties and stability,
which allows it to be used as a biomaterial [13–15].

Chitosan is also a linear polysaccharide, derived from deacetylation of chitin, the
structural component of fungal cell walls, and exoskeleton of arthropods. It is composed of
β-1→4 glucosamine units, with some residual interspersed N-acetyl-glucosamine residues;
it is soluble in acidic solution, with a positive charge density, dependent on pH and
percentage of deacetylation. Chitosan is well-known for its numerous and interesting
biological properties—it is biocompatible, bioresorbable, and bioactive. Availability, safety
for medical use, and biodegradability make chitosan very interesting for tissue engineering
and biomaterials products. Chitosan can be further improved from the bioactive features
and the physical−chemical behaviour. In particular, Chitlac (Ch) is a compound obtained
by the modification of chitosan with lactitol moieties [16], in which the oligosaccharide
pendant groups alter its solubility at physiological pH. The physico-chemical and biological
properties of Ch are already reported in the literature [17].

Both HA and Ch are hydrolyzed by enzymes; linear HA can be easily degraded by
enzymes, such as bovine testicular hyaluronidase, an endo-β-N-D-acetylhexosaminidase
that hydrolyzes HA at the β (1→4)-N-acetylglucosaminide bonds [18]. Hyaluronidases
simultaneously display both hydrolytic and transglycosylation activities—the optimal
conditions for the hydrolysis of HA by hyaluronidase are pH 4.0 and the presence of NaCl,
whereas for transglycosylation they are pH 7.0 and the absence of NaCl [19]. In the case of
Ch, there is no specific enzyme; nonetheless, previous studies report that degradation can
be performed by lysozyme, which is, for example, present at concentrations ranging from
4 to 13 mg/L in serum and in tears (450 to 1230 mg/L) [20].

A polyelectrolyte complex is formed when polymers with opposite charges are com-
bined in solution. A strong complex is obtained if the anions and cations in the polymers
contain strong acids and bases, or if the polyions attain their fully ionized forms and vice
versa. The polyelectrolyte complexes are recently gaining attention as supramolecular
carriers for controlled release of drugs and proteins [21], which is widely used in many
applications such as membranes, medical prosthetics, environmental sensors, and protein
separation systems [22,23]. These complexes prepared from natural polymers, such as
polysaccharides, have the additional advantage of being non-toxic and bioabsorbable [24].
For example, biomaterials, constituted of a Chondroitin sulphate-Chitosan complex, have

280



Biomolecules 2021, 11, 389

interesting biological properties, such as wound-healing acceleration and cellular assistance
for skin and cartilage recovery [25]. Some applications of Chitosan and HA complexes
include ophthalmic surgery, arthritis treatment, scaffolds for wound healing, tissue engi-
neering, and the use as a component in implant materials. In particular, different authors
showed that the potential of Chitosan/HA complexes coacervates in the biomaterials
field [26–31]. A recent study about self-supporting multi-layered film containing a Chi-
tosan and HA polyelectrolyte complex, showed high selectivity during the separation of
water from the ethanol–water mixtures for membrane technology applications [32].

Moreover, recent studies highlighted promising results for biological and medical
applications of the HA/Ch complex, such as in the treatment of osteoarthritis [33,34];
in vivo osteoarthritis treatments with a viscosupplementation containing Ch and HA
showed a decrease in morphological and histolopathological cartilage damage and synovial
membrane inflammation, in comparison to the treatment performed with HA alone [33].
A combination of Ch and HA-attenuated macrophage-induced inflammation, inhibited
metalloproteinases expression, and exhibited anti-oxidative effects, providing interesting
insights into the biological effects of mixture of these polysaccharides for the development
of osteoarthritis treatments [34]. However, the literature does not provide exhaustive
chemical-physical characterization of HA/Ch for a better understanding of the observed
biological performances.

As such, in this work we investigated the properties of the polyelectrolyte complex to
understand the interaction between HA and Ch. Specifically, the molecular weight of the
supramolecular product through size-exclusion chromatography with a triple detector ar-
ray (HP-SEC-TDA) was determined. The viscosity property and the molecular mobility was
elucidated through dynamic viscosity and NMR diffusion ordered spectroscopy (DOSY)
experiments, respectively. Finally, the stability toward enzymatic actions was evaluated.

2. Materials and Methods
2.1. Materials

Ch was provided by Join Therapeutics S.r.l. (Padova, Italy). Sodium Hyaluronate
were purchased from HTL Biotechnology. Sodium azide, sodium nitrate, sodium dihy-
drogen phosphate monohydrate, sodium hydrogen phosphate dihydrate, trimethylsilyl-3-
propionic acid (TSP), Hyaluronidase from bovine testes (400–1000 u/mg) and Lysozyme
from hen egg white (93,300 u/mg) were purchased from SigmaAldrich (Milan, Italy).
Deionized water (conductivity less than 0.1 µS) was prepared with an inverse osmosis
system (Culligan, Milan, Italy). PolyCAL TM Pullulan std-57k (Malvern Instruments LtD,
Malvern, United Kingdom). The reagent grades were ≥ 98%.

2.2. Molecular Weight Distribution by HP-SEC-TDA

HP-SEC-TDA was used extensively to obtain molecular weight distribution of HA,
Ch, and the complex. This method does not require any chromatographic calibration
and is considered to be suitable to analyze polysaccharides. Measurements for molecular
weight distribution were performed on a Viscotek 305 HPLC system (Malvern Instruments
LtD, Malvern, UK). The array exploits simultaneous action of refraction index detector
(RI), viscometer, and Right Angle Laser Light-scattering (RALS) detector, using a method
adapted from Bertini et al. [35]. To prepare the solutions for HP-SEC-TDA measurements,
10–20 mg was dissolved in a mobile phase volume, to obtain a sample concentration of
~3 mg/mL. The Ch solution was stirred for 3 h and then diluted in a mobile phase to
a concentration of ~1 mg/mL. The HA solution was stirred overnight and then diluted
in the mobile phase to a concentration of ~0.5 mg/mL, respectively. For the HA/Ch
complex, 75 mg of Ch were dissolved in 10 mL of phosphate-buffer saline solution pH
6.9 (PBS), and stirred at room temperature to obtain a completely solubilized solution.
Afterwards, 125 mg of HA were added to the solution and the complex was stirred for
12 h. Prior to the analysis of the solution, the HA/Ch complex was diluted in a mobile
phase to reach 1 mg/mL sample concentration. The analyses were performed at 40 ◦C,
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using 2 x TSKPWXL columns in series (Tosoh Bioscience, 7 mm 7.8 × 30 cm). A total of
0.1 M NaNO3 for HA, 0.2 M NaNO3 for Ch, and an HA/Ch complex, both containing
0.05% NaN3, prefiltered using 0.22 mm filter, were used at a flow rate of 0.6 mL/min.
Chromatographic profiles were elaborated using the OmniSEC software version 4.6.2. RI
increments, referred to as dn/dc, were determined to enable conversion of RI values into a
concentration for Ch and HA/Ch [36]. dn/dc values equal to 0.129 mL/g and 0.119 mL/g
were observed for Ch and HA/Ch, respectively. For HA, the dn/dc value of 0.155 was
taken from the literature [37].

2.3. NMR Analysis

The Ch and HA spectra were obtained with a Bruker AVANCE IIIHD 500 MHz
spectrometer (Bruker, Karlsruhe, Germany) equipped with a 5 mm BBO probe, at 343 K.
Spectra were processed with BrukerTopspin software version 4.0.6.

About 30 mg of sample were dissolved in 3 mL of deuterium oxide (D2O) with
0.002 %TSP and subsequently 0.6 mL were transferred into a 5 mm NMR tube. The HA
sample was stirred overnight to ensure a complete solubilization before transfer in an
NMR tube (Bruker, Karlsruhe, Germany) for the analysis. 1H NMR spectra were acquired
with pre-saturation of residual HDO, using 64 scans, 12 s relaxation delay, and a number
of time-domain points equal to 32k. For the Ch sample, the 1H-13C HSQC spectra were
acquired using 16 scans, 5s relaxation delay, 1JC-H 150 Hz.

The HA/Ch complex spectra were acquired with a Bruker AVANCE NEO 500MHz
spectrometer (Bruker, Karlsruhe, Germany) equipped with a 5 mm TCI cryogenic probe at
303K for 1H NMR and Diffusion Order NMR Spectroscopy (DOSY). Spectra were processed
with Bruker Topspin software version 4.0.6. Ch and HA were dissolved separately in a
PBS deuterium volume (mL), which allowed us to reach 7.5 mg/mL and 12.5 mg/mL,
respectively. Then, 500 µL of both solutions were taken and mixed, it was vortexed to
obtain a homogeneous solution.

Spectra were acquired with pre-saturation of residual HOD using 64 scans, 5 s relax-
ation delay, and a number of time-domain points equal to 65 k.

DOSY experiments were acquired using the 2D-stimulated echo sequence with bipolar
gradient pulse for diffusion. The gradient pulse (δ) and the diffusion time (∆) were set to
5 ms and 300 ms, respectively. The 2D DOSY experiments were run with gradients varied
linearly from 5 to 95% in 32 steps, with 16 scans per step. The diffusion coefficients D were
extracted using the Bruker Dynamics Center 2.5 (Bruker, Karlsruhe, Germany).

2.4. Zeta Potential Analysis

Zeta Potential (Zp) of HA, Ch, and the HA/Ch complex were measured using the
Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom), with a fixed scattering
angle of 173◦ and a 633-nm helium–neon laser. Data were analyzed using the Zetasizer
software version 7.11 (Malvern Instruments LtD, Malvern, UK). For the analysis, Ch and
HA solutions were diluted in PBS to reach the concentration of 7.5 and 12.5 mg/mL,
respectively. In the case of the HA/Ch complex, 75 mg of Ch were dissolved in 10 mL of
PBS and stirred at room temperature, to obtain a completely solubilized solution. Then,
about 125 mg of HA were added to the solution and the complex was stirred for 12 h.
Disposable plastic cuvettes DTS1070 were used for the Zp analysis.

2.5. Rheological Properties

The rheological properties of HA, Ch, and the complex were studied using a Modular
Compact Rheometer MCR 92 (Anton Paar GmbH, Graz, Austria), equipped with a 50-mm-
diameter cone–plate geometry, with a cone angle of 1◦. For all tests, the temperature and
the gap between the plates were kept constant 20 ◦C and 0.98 mm, respectively.

Viscosity measurements were performed in rotation mode, they were investigated in
the range of 0.1–100 s−1 and ten points per decade were acquired.
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The sample viscoelastic behaviour was investigated in the oscillation mode, to de-
termine the storage modulus G’(ω) and the loss modulus G”(ω). First, preliminary tests
were conducted to determine the upper amplitude limit of the linear viscoelastic region
(LVE), testing the samples over an extended strain field (0.01–100%). Second, after the
LVE was determined (2% for HA and HA/Ch and 20% for Ch), the samples were tested
by performing a frequency sweep test over the 0.628 rad/s–628 rad/s (i.e., 0.1–100 Hz)
frequencies, at a constant strain. Data were elaborated with RheoCompass™ software.

For the analysis, the same solutions as for Zp were tested. Before the analysis, solutions
were sonicated to reduce air bubbles.

2.6. SEM Analysis

Scanning Electron Microscopy (SEM) analysis was performed with Zeiss Gemini
500 Field-Emission SEM (Carl Zeiss Microscopy, Oberkochen, Germany) at 5 kV. Polysac-
charide samples of 50 mg were freeze-dried in a 100 mL Falcon tube. The dried samples
where broken with tweezers, deposited on SEM adhesive tape and sputtered with gold to
enhance conductivity.

2.7. Enzymatic Degradation Procedure

CH (solution A): 75 mg of sample were dissolved in 10 mL of PBS and stirred to obtain
a completely solubilized solution. HA (solution B): 62 mg of HA sample were dissolved in
5 mL of PBS and stirred for 16 h. HA/Ch complex (solution C): 62 mg HA were dissolved
in 5 mL of solution A. The final concentration of the polysaccharide (HA/Ch) was about
20 mg/mL (7.5 mg/mL CH + 12.5 mg/mL HA). For enzyme solution preparations, about
15 mg of hyaluronidase were dissolved in about 1.5 mL of deionized water and stirred for
1 h (10 mg/mL). Lysozyme: 75 mg of lysozyme was dissolved in about 1 mL of deionized
H2O and stirred for 1 h (75 mg/mL). The solutions were stirred at 38 ◦C in an oil bath
for about 2 h, before adding the enzyme solution. Different aliquots of solutions were
collected at different times (15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 24 h) and heated at 100 ◦C for
5 min, using a thermo-shaker, (BioSan, Riga, Latvia) to denature the enzyme. The solutions
were diluted to different concentrations for HP-SEC-TDA analysis. The Ch solutions
were diluted to 2 mg/mL with the mobile phase, whereas the solutions containing HA
or HA/Ch were diluted to 0.5 mg/mL (calculated on the total amount of polysaccharide
in solution) with the mobile phase. Before the HP-SEC-TDA analysis, all solutions were
filtrated to remove the precipitated enzyme (LLG-Syringe filter, CA pore size 0.20 µm,
Ø 13 mm).

3. Results
3.1. Molecular Weight Distribution

Chromatographic profiles of HA and Ch are shown in Figure 1a,b, respectively. The
samples had an elution time between 10 and 15 mL, with a large a-symmetric bell-shape
chromatographic peak, caused by a high polydisperse index.

Values of weight-average molecular weight (Mw), number-average molecular weight
(Mn), and molecular-weight dispersity (Ð; Mw/Mn) are reported in Table 1. In addition,
values of the intrinsic viscosity value (η), hydrodynamic radius (Rh), and Recovery %,
derived from TDA, are also reported. To estimate the Recovery %, the OmniSEC software
computes actual concentration in each chromatographic slice, based on the dn/dc value,
and a detector constant for the RI. The values of a and log k, corresponding to the slope and
intercept constants of the Mark-Houwink curve, respectively, are also reported. The results
refer to the mean values of duplicate injections.

For the HA samples, a recovery value of 90% indicated that no material remained
adsorbed in the columns, considering that the water content in the sample was about
10% w/w; for Ch, the values were close to 100%, due to the low water content in the
sample. The Ð value for HA was lower than that for Ch, indicating low molecular weight
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dispersion. However, the values were relatively high, indicating the presence of chains of
different length.

 

η

η

−
−

Figure 1. Chromatographic profile (red—refractive index; black—low laser light scattering; green—right angle light
scattering; blue—viscometer). (a) HA, and (b) Ch.

Table 1. Main results of the HP-SEC-TDA analysis for the HA and Ch samples.

Sample Mw (kDa) Mn (kDa) Ð a log K [η] (dL/g) Rh (nm) Recovery%

HA 992 660 1.5 0.69 −2.9 17.4 63 90
Ch 1020 554 1.8 0.68 −3.6 3.0 34 96

The HA/Ch complex (0.75:1.25 w/w) molecular weight was also determined by
the same technique—results are visualized in Figure 2 As expected, due to very similar
molecular weight, the two polysaccharides were eluted together, so it is important to
evaluate the dn/dc of the complex. From analysis on several dilutions of a HA/Ch complex,
the refractive index increment (dn/dc) was determined as 0.118, through a linear regression.

Using 0.118 as dn/dc, the molecular weight analysis results are reported in Table 2.
Molecular weight, dispersity, and hydrodynamic radius of the complex (Table 2) remained
quite similar to those of the original polymers (Table 1). Generally, through gel permeation
chromatography analysis, the average molecular weight of polymers increased due to
cross-linked reactions or derivatizations. In the HA/Ch complex, only weak interactions
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between the two polysaccharides (hydrogen bonds and Van der Waals forces) are present,
which are influenced by high salt concentration of mobile phase.

 

η /

−

Figure 2. Chromatographic profile (red—refractive index; black—low laser light scattering; green—right angle light
scattering; blue—viscometer) of the HA/Ch complex.

Table 2. HP-SEC-TDA HA/Ch complex results.

Sample Mw (kDa) Mn (kDa) Ð a log K [η] (dL/g) Rh (nm)

HA/Ch
complex 1099 619 1.8 1.28 −6.8 7.9 49

3.2. NMR Characterization

Most of the properties of chitosan and its derivates, such as solubility and biodegrad-
ability, depend on the proportion between acetylated and non-acetylated glucosamine
units, corresponding to degree of acetylation (DA), and eventually substitution degree
(DS). NMR spectroscopy is one of the most accurate methods for determining the degree of
acetylation for chitosan [38] and DS for Ch compounds [39].

Figure 3 shows the 1H NMR spectrum of a Ch sample. The characteristic peaks are
located at 3.32 and 3.40 ppm (black arrows Figure 3)—such signals represent the H2 of
substituted deacetylate units (H2-NHR) and the hydrogens of the CH2 group involved
in the amide bond (-NH-CH2-), respectively. The H2 of unsubstituted deacetylate units
(H2-GlcN) appears at about 3.21 ppm. The peaks in the anomeric region, A (5.00 ppm)
and B (4.88 ppm), in Figure 3 are attributed to H1 of the substituted and unsubstituted
deacetylate units, respectively. These peaks and the CH3 signal of the acetyl group at
2.06 ppm (C, Figure 3) were used for the DA and DS calculation. In the anomeric region,
the two sharp peaks were attributed to the anomeric protons of β-galactose side chains, at
4.57 ppm [17].

By assigning 300 to the integral of the signal related to the methyl group of acetyl
(about 2.06 ppm), the percent N-acetylation (%DA) and substitution degree (%DS) were
evaluated, using Equations (1) and (2).

%DA =
C
3

A + B + C
3
·100 (1)

% DS =
A

A + B
·(100 − %DA) (2)
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Figure 3. 1H NMR spectrum of Ch in D2O at 343 K.

From the integral values it was seen that in the Ch sample, DA and DS were 7.5% and
59%, respectively.

To confirm the peak attributions and to verify that the integrated signals involved in
quantification corresponding to the unique function units, the 1H-13C HSQC spectrum was
acquired (Figure 4). The 2D spectrum confirmed that the anomeric and methyl peaks in the
1H spectrum corresponded to one peak in the 13C dimension, and that 13C chemical shifts
were consistent with the attributed signals of product [17].

 
Figure 4. 1H-13C HSQC NMR spectrum of CH in D2O at 343 K.
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Pulsed field gradient (PFG) diffusion ordered spectroscopy (DOSY) is the translational
diffusion of dissolved molecules. In addition to the overall molecular size and shape,
the diffusion coefficient magnitude provides direct information on molecular dynamics,
including intermolecular interactions [40], aggregation, conformational changes [41,42],
and viscosity [43]. DOSY processing is a particularly suitable technique for complex
samples, since it provides a direct correlation of translational diffusion to the chemical
shift in the second dimension. Therefore, a prior separation of complex components is not
required [44,45]. A DOSY experiment is represented in a 2D spectrum, with chemical shift
along one axis and the diffusion coefficients along the other [46,47].

In this study, DOSY was used to evaluate the interaction between HA and Ch in the
complex. The outcomes of the DOSY analysis for all samples are visualized in a 2D map in
Figure 5a.

− −

/ / /
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Figure 5. (a) DOSY and (b) 1H spectra of HA (purple), Ch (black), and complex (blue).

For the HA and Ch samples, there is only one population with the same diffusion
coefficient, due to a unique molecular weight. For the HA/Ch complex, the results showed
different diffusive fronts, due to different hydrodynamic radius of (5a) the HA resonances,
and (5b) the resonances due to Ch moiety. The different chemical shift for 1, 2, and 3 signals
were related to different small pH of solutions in the presence of HA. Usually, chemical
shift of main chain protons, involved in the amino bond (H2) are highly sensitive to the
protonation equilibrium [17]. The D values, shown in Table 3, were determined for the
peaks corresponding to the components of the complex.
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Table 3. DOSY results of HA, Ch, and HA/Ch complex (D = H2O 2.25 × 10−9 m2/s; D = TSP: 6.50 × 10−10 m2/s).

HA Ch HA/Ch Complex

Peak 1H ppm D (m2/s) 1H ppm D (m2/s) 1H ppm D (m2/s)

CH3 2.03 1.48 × 10−12 2.07 6.89 × 10−12 2.03 2.07 6.35 × 10−13 1.86 × 10−12

1 - - 2.73 7.05 × 10−12 2.60 2.64 × 10−12

2 - - 2.96 7.11 × 10−12 2.77 2.89 × 10−12

3 - - 3.14 7.53 × 10−12 2.85 3.05 × 10−12

H2-GlcA 3.36 1.61 × 10−12 - - 3.35 7.51 × 10−13

Anomeric 4.40–4.60 1.72 × 10−12 4.50–4.55 6.60 × 10−12 4.40–4.60 1.86 × 10−12

others 3.51–3.84 1.51 × 10−12 3.54–4.04 6.65 × 10−12 3.54–4.04 1.60 × 10−12

The average D value of HA was lower than Ch, despite having similar Mw values.
In this case, DOSY was particularly successful in distinguishing among different molar
diffusivities, due to the different hydrodynamic radii, confirming the HP-SEC-TDA results.
In the HA/Ch complex, the D values of the HA component remained almost constant,
meanwhile the Ch diffusion coefficients increased, with values analogous to HA.

3.3. Rheological Properties

Rheology as reported by Ambrosio et al. [48], is a useful tool to explore the relation-
ships between the mechanical behavior and chemical properties of HA, or other biopolymer
solutions. In our study, the flow behavior and viscoelastic measurement were evaluated
to understand the difference in the rheological properties of HA and Ch solutions with
their complex.

The variation of the viscosity as a function of the shear rate were acquired; in Figure 6a
the viscosity curves, with a shear rate (γ) ranging from 0.1 s−1 to 100 s−1, are reported.

γ − −

γ

− γ γ
Figure 6. (a) Viscosity curves of the Ch, HA, and HA/Ch complex. Due to low viscosity, data for Ch were only acquired in
the range (1–100) s−1 (b). Frequency sweep test of the Ch (γ = 20%), HA, and the HA/Ch complex (γ = 2%).

HA and Ch (black and purple curves in Figure 6a, respectively) showed different
behaviours. Ch viscosity remained constant at a value of 8.8 mPa s over the entire tested
shear rate range, thus showing ideal viscous flow behaviour. Such behaviour was mainly
related to the sample concentration and substitution degree of chitosan—according to
previous results [49]. The pseudoplasticity was inversely proportional to DS and directly
correlated to the concentration of sample. For HA, viscosity was shear-dependent, viscosity
decreased as γ increased, in agreement with a pseudoplastic behaviour [48]. For the
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complex, shear-thinning behaviour was also observed. Note that the viscosity values were
higher than that for pure HA.

The rheological tests were also performed in the oscillation mode, to evaluate both the
storage modulus (G’) and the loss modulus (G”). The strain sweep test (data not shown)
was initially performed to evaluate the LVE zone, where the intrinsic sample structural
properties are independent of the applied strain:2% (HA and Complex) and 20% (Ch) strain
value was selected for subsequent frequency sweeps tests. In Figure 6b, values of G’ and G”
as function of the angular frequency for the Ch, HA, and the complex are reported. In the
investigated frequency range (from 0.628 rad/s to 628 rad/s), the mechanical spectrum
of Ch showed that G” was greater than G’, with both moduli strongly dependent on the
frequency, as typically a liquid-like (viscous) behavior dominates over the solid-like (elastic)
character. Differently, HA and HA/Ch presented a “weak gel” or viscoelastic behavior
with G’ and G”, which became less dependent on the frequency and the crossover point,
when G’ = G”, was observed. This suggests that at high frequencies, when G’ > G”, the
material show a predominant solid-like behavior.

The angular frequency values, ωc, and the corresponding G’ = G” values to the
crossover point data are reported in Table 4.

Table 4. Rheological measurements—evaluation of G’ and G” crossover.

Sample
Angular Frequency ωc

(rad/s)
Crossover Point

G’ = G” (Pa)

Ch n.d. 1 n.d. 1

HA 30 44
HA/Ch 13 63

1 value not detected in the frequency range investigated.

3.4. Zeta Potential

Zp, a parameter typically obtained by model-dependent transformation of the mea-
sured electrophoretic mobility, is a parameter used to estimate the magnitude of the
electrostatic repulsion or attraction between particles. By measuring the surface charge, the
stability of nanosuspensions, particles, and polymers in solution can be determined [50].
A large positive or negative Zp value, with values >+25 mV or <−25 mV, indicate good
stability due to electrostatic repulsion of individual particles; a lowZp value can result in
particle aggregation and flocculation due to the van der Waals attractive forces [51–53].
The Zp is frequently used to understand polysaccharide–protein complexation [54].

In this study, the Zp values of solutions of the Ch, HA, and HA/Ch complex were
determined; the results are reported in Table 5. The Ch and HA samples were studied at
concentrations of 7.5 and 12.5 mg/mL, respectively, which reflect the concentrations of the
individual samples in the complex.

Table 5. Zp values for HA, Ch, and complex.

Sample Concentration (mg/mL) Zp (mV)

HA 12.5 −33.74
Ch 7.5 0.03

HA/Ch complex 20.0 −23.28

HA showed a negative Zp value, which was consistent with its anionic nature to
the presence of carboxylic groups. Low zeta potential values provided an electrostatic
repulsion that led to the formation of suitable stability in solution. Else, the Zp value
of Ch was zero, indicating a slightly positive surface charge, close to zero, in agreement
with the chemical structure. When the two polysaccharides were mixed, the Zp of the
complex was negative and homogeneous. The value of about −23 mV meant that the
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complex in solution was stable without any macro-aggregation phenomena that could
induce precipitation.

3.5. SEM

SEM analysis was performed to assess the morphological features of the HA/Ch
complex [55], after a freeze-drying process. In the first step of freeze-drying, the water-
based solutions (or suspensions) were first frozen—ice nucleated and concentrated the
solute (or suspended matter) in the regions between the growing crystals. In the second
step, ice was removed via direct sublimation at low pressure, avoiding the intermediate
liquid phase, and leaving a porous morphology. The process is widely used to create porous
materials using biopolymer [56–58]. The final morphology depends on the specificmaterial,
and is controlled by many parameters of the freezing process [59], including sample size
and shape, cooling rate, cooling temperature, process time, etc.

Figure 7 illustrates the specific characteristics of the HA/Ch complex that were com-
pared to the single components of Ch and HA.

μ

μ

 

Figure 7. SEM analysis of (a) Ch (magnification 150×); (a’) Ch (magnification 500×); (b) HA (magnification 150×); (b’) HA
(magnification 500×); (c) Complex (magnification 150×); and (c’) Complex (magnification 500×).

Ch (Figure 7a,a’) showed a compact structure with a fibrous appearance, causing
a rough texture on the Ch surface. HA presents even more clearly a lamellar structure
(Figure 7b,b’), which is characteristic of an ice-templated process—the structure was ori-
ented parallel to the temperature gradient (i.e., from the skin to the sample centre), along
which the ice crystal grew. HA walls were characterized by a pore regular pattern, with a
characteristic diameter of ~10 µm. Such pores might also be related to ice-templating, with
holes forming due to the secondary crystal growth, perpendicular to the primary crystal
growth direction.

The HA/Ch composite (Figure 7c,c’) showed a compact and smooth surface, where
fibers were visible on the top of the surface. The material was made of a lamellar structure
with the holes between 10 and 20 µm as diameter. Similar to Zhang et al. [60], who
investigated the structure of porous chitosan/HA/sodium glycerophosphate hydrogel
systems, the material appeared homogeneous overall, and phase separation at the micro-
scale was not observed. As such, we could confirm good compatibility between Ch and
HA in the complex.

3.6. Enzymatic Degradation

The HA/Ch enzymatic degradation with lysozyme and hyaluronidase was studied.
Such tests provide information on the polysaccharide stability in a physiological environ-
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ment. The samples incubated at different times were analyzed. The Mw values vs. time,
determined by chromatographic elaboration, are shown in Figure 8.

η

η / η / η

η

Figure 8. (a) HA and (b) Ch kinetic degradation with HAse (green curves), Lys (black curves), and a mix of enzymes (red
curves) over 24 h.

The HA treatment (Figure 8a, green line) resulted in a substantial reduction of Mw
indicating depolymerization, and such depolymerization took place very quickly during
the initial 3 h, this indicated that the enzymatic hydrolysis was an endo-action. After 3 h,
degradation slowed down, probably due to the inhibition of the enzyme activity by the
end products, and the reaction was completed after 24 h, at the end of which a reduction
of the Mw of 98% was observed (from 992 kDa to 14 kDa). In the case of Lys (Figure 8a,
black line), the enzyme did not have any degradation effect, and Mw remained constant
for the incubation time (24 h). As expected, the presence of Lys in complex with HAse
(Figure 8a, red line) had a mild effect on the HA hydrolysis, showing a slightly different
initial degradation rate, but the end point was the same.

For Ch, in the enzymatic degradation with Lys (Figure 8b, black line), the Mw de-
creased slowly and, after 24 h of incubation, the value was reduced by 86% (from 970 kDa
to 137 kDa); with HAse (Figure 8b, green line) a small reduction of Mw was observed, at
about 20%, which was in agreement with the lack of a specific substrate for this enzyme.
The decrease of Mw was the same with the complex of enzymes than with Lys alone—
as expected, the “driving force” for the degradation of Ch was Lys but the presence of
hyaluronidase seemed to induce an effect on the first part of hydrolysis process.

To study how the interactions between HA and Ch could affect the enzymatic activity,
the complex was hydrolyzed. The results with HAse and Lys individually and finally
with enzymatic complex are shown in Table 6. All chromatograms of solutions until 6 h
of incubation present only one peak, derived from HA and Ch, due to the very similar
molecular weight. Consequently, the Mw and [η] values are related to the complex,
imposing the dn/dc of 0.118 (see HP-SEC-TDA results section).

After 6 h, the Mw was reduced by about 70% with HAse, and 20% and 92% with Lys
and with HAse + Lys, respectively. Therefore, the enzyme activity was not affected by the
combination of the two polysaccharides.

After 24 h of incubation, the chromatograms present two distinct peaks (Figure 9),
one related to the HA component and the other one attributed to Ch, so Mw and [η] for
each polysaccharide could be determined, using the specific dn/dc values. The results are
presented in Table 7.
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Table 6. HP-SEC-TDA results of the HA/Ch complex degradation.

HAse Lys HAse + Lys

Time (h) Mw (kDa) [η] dL/g Mw (kDa) [η] dL/g Mw (kDa) [η] dL/g

0 1099 10.0 1099 10.0 1099 10.0
0.25 406 2.0 902 7.3 192 1.6
0.30 377 1.7 875 7.3 167 1.2

1 370 1.5 884 7.4 150 1.0
2 352 1.4 904 7.6 128 0.9
4 345 1.3 878 7.4 104 0.7
6 331 1.3 884 7.7 95 0.6

 

/ / η

Figure 9. RI signal from the HP-SEC-TDA analysis of the HA/Ch complex at t = 0 (black) and after degradation t = 24 h
with HAse (red), Lys (blue), and a mix of enzymes (green).

Table 7. HP-SEC-TDA results of the HA/Ch complex degradation after 24 h.

HAse Lys HAse + Lys

Mw (kDa) [h] dL/g Mw (kDa) [h] dL/g Mw (kDa) [η] dL/g

HA 16 0.4 955 15 19 0.3
Ch 620 2.3 155 1.6 220 1.1

The Mw values were very similar to the results obtained for the solution aliquots
containing only HA or Ch, at 24 h, suggesting that the co-presence of both polysaccharides
did not affect the enzymatic action.

4. Discussion

The polyelectrolyte complex in the aqueous medium interacts and self-assembles by
electrostatic interactions. Therefore, the development of new stable formulations, consti-
tuting polyelectrolyte, requires an in-depth characterisation of the interactions to obtain
biodegradable and biocompatible products with unique properties, without losing the poly-
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mers inherent characteristics. In the present work, efficacies analytical approaches were set
up to characterize the HA/Ch complex and to evaluate its stability toward enzymes.

The interaction between HA and Ch was affected by the structural peculiarity of each
polysaccharide. With regards to HA, the chemical structure was well-defined, meanwhile
for Ch, the DS and DA were variable. Generally, the proportion of glucosamine residues in
chitosan had a significant influence on their various properties. In particular, the distribu-
tion of N-acetyl groups along the biopolymer chain might influence the solubility of the
polymer and the inter-chain interactions, due to the hydrogen bonds and the hydrophobic
character of the acetyl group. Moreover, the derivatization of chitosan with alkyl groups
induced high mobility side chains, causing them to be highly hydrated. It follows that
the DS and DA of Ch are important parameters for the property of the polysaccharide in
solution and for the interaction with HA. A schematic representation of how Ch and HA
interact to form a complex is given in Figure S1.

A quantitative 1H NMR method was applied to determine the DA and DS of Ch.
The Ch sample with DA and the DS values of 7.5% and 59%, respectively, is soluble in
water at neutral pH and it presents a low viscosity, as compared to the same molecular
weight of HA, as shown by the HP-SEC-TDA results (Table 1) and the viscosity curves
(Figure 6a). HA was approximately 6 times more viscous in terms of intrinsic viscosity
than Ch, and the hydrodynamic radius for the negative charge polysaccharide was double,
as compared to Ch, although the molecular weights were quite similar. This behavior was
confirmed by the DOSY NMR experiment (Table 3). Indeed, the average D values of HA
were lower than those of Ch, indicating a lower mobility due to higher viscosity. When the
two polysaccharides were mixed, anaverage molecular weight distribution between HA
and Ch was obtained, which maintained a high intrinsic viscosity value (Figure 2, Table 2).

The homogeneity of the complex was demonstrated by the Zp measurements (Table 5)
—one Zp value was observed and through the comparison of the results, the HA/Ch
complex Zp was about –23 mV, lower than that obtained for the HA alone (−34 mV),
indicating that the negative charges of HA were partially reduced in the presence of Ch,
due to the phenomena of secondary interaction between the polysaccharides. The strict
interaction between HA and Ch was also demonstrated by DOSY:the D values of HA and
Ch in the complex were similar (Table 3).

It clearly appears that by mixing the two polysaccharides, an interesting modulation
of the viscoelastic properties could be easily obtained (Figure 6b). The mechanical spectra
of the solutions prepared using only HA or Ch represent two different behaviors—the HA
solution had a relevant viscoelastic character, whereas the Ch sample presented a more
evident liquid/elastic character. Finally, the HA/Ch solution showed the highest values
of both elastic and viscous moduli, with a shift toward higher frequency of the crossover
point (Table 4).

SEM analysis on the Ch/HA composite supported the data that suggest an intimate
mixing of the components, revealing characteristic features of the individual polysaccha-
ride, such as lamellae, fibers, and pores.

We demonstrated that HA and Ch, solubilized together, can generate secondary in-
teractions that modified the chemico-physical properties of polysaccharides. To verify if
these phenomena could affect the biocompatibility, the stability toward enzymatic actions
was evaluated, comparing the results obtained from a single component preparation and
the complex of HA/Ch. While the HA was fully degraded by Hyaluronidase and was
not hydrolyzed by Lysozyme, Ch was mildly degraded by Hyaluronidase, and was fully
hydrolyzed by Lysozyme. Using the Hyaluronidase and Lysozyme complex with each
polysaccharide, the Mw values were the same for those obtained with the specific enzymes.
This meant that there was no cooperative effect in the degradation process. Analyzing the
HA/Ch complex, HA hydrolysis was not modified by Ch, wheras Ch appeared more resis-
tant to enzyme hydrolysis in presence of HA. Our hypothesis suggests that the penetration
of the enzymes to the network HA/Ch, and in particular, the availability of Ch molecules to
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the active site of the enzymes were slightly hindered; however, but the hydrolysis processes
was maintained.

5. Conclusions

In this study, we investigated the supramolecular structuring of a HA/Ch complex
using diverse analytical methods. The HA/Ch solution was characterized in terms of
physicochemical properties. The supramolecular complex showed interesting rheological
properties and promising preliminary evidence for biocompatibility—monodisperse molec-
ular weight distribution, high viscosity, negative charge, degradation by specific enzyme,
such as Hyaluronidase and Lysozyme. Due to the wide range of applications in biomedicine
and biotechnology, the development of such polyelectrolyte complexes is of scientific and
technological interest. Such an analytical approach would facilitate the development of
new formulations, demonstrating the interactions with the different components.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-273
X/11/3/389/s1, Figure S1: Schematic interaction between HA and Ch in Phosphate buffer saline.
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Abstract: The stability and the degradation of polymers in physiological conditions are very
important issues in biomedical applications. The copolymer of hyaluronic acid and poly-D,L-lactic
acid (made available in a product called DAC®) produces a hydrogel which retains the hydrophobic
character of the poly-D,L-lactide sidechains and the hydrophilic character of a hyaluronic acid
backbone. This hydrogel is a suitable device for the coating of orthopedic implants with structured
surfaces. In fact, this gel creates a temporary barrier to bacterial adhesion by inhibiting colonization,
thus preventing the formation of the biofilm and the onset of an infection. Reabsorbed in about
72 h after the implant, this hydrogel does not hinder bone growth processes. In the need to assess
stability and degradation of both the hyaluronan backbone and of the polylactic chains along time
and temperature, we identified NMR spectroscopy as a privileged technique for the characterization
of the released species, and we applied diffusion-ordered NMR spectroscopy (DOSY-NMR) for
the investigation of molecular weight dispersion. Our diffusion studies of DAC® in physiological
conditions provided a full understanding of the product degradation by overcoming the limitations
observed in applying classical chromatography approaches by gel permeation UV.

Keywords: DAC® HA-PLA copolymers; biopolymer degradation; polymer stability; DOSY NMR

1. Introduction

Important new advances have been reported about new materials and biomaterials [1]. In the
field of biomaterials, polymers and copolymers have found large application in modern medicine [2].
Biodegradability of polymeric biomaterials constituted a significant advantage, being that these
materials are able to be broken down and removed when they have exerted their function [2]. Clinically,
there are a wide range of applications of degradable polymers, such as surgical sutures and implants.
Desired physical, chemical, biological, biomechanical, and degradation properties can be selected and
tuned in order to fit all the requirements of the functional demand.

Fortunately, novel materials are developed constantly to meet new challenges providing a growing
number of natural and synthetic degradable polymers, investigated for biomedical applications.
Particularly, degradable polymers are of interest since these biomaterials are able to be molecularly
broken down and eliminated or resorbed without physical removal or surgical revision [3].

In the design of biodegradable biomaterials, great importance should be given to their properties [3].
In fact, these materials should not produce a sustained inflammatory response and have a degradation
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time coinciding with their function. Moreover, they should have appropriate mechanical properties for
the scope, produce non-toxic degradation products that can be readily resorbed or excreted, and include
appropriate permeability and processability for the designed application [3].

Orthopedic and traumatology (O&T) are up to 38% of the worldwide leading markets of
implanted biomaterials [4], involving each year millions of new patients with an increasing trend.
Infections related to implanted medical devices depend on the bacterial capability to establish highly
structured multilayered biofilms on artificial surfaces and represent the most devastating complication
in O&T, with millions of cases. In many cases, a slow release of antibiotic [5] can help the success of
the intervention.

The aim of the present work is to assess the stability and the molecular degradation of a disposable
coating of the implanted biomaterial Defensive Antibacterial Coating (DAC). Produced in the form of
a powder, this device must be hydrated with water for its preparations, and is injectable alone or in
solution, which is associated with an antibiotic to obtain a formulation in a hydrogel. The specific
indication is for the prevention of peri-implant infection. This device, based on a novel resorbable
hydrogel, would act as a resorbable barrier delivering local antibiofilm and antibacterial compounds.
The active drugs will be mixed at the same time as the application of the hydrogel during surgery,
allowing the correct choice for any given patient, reducing costs and improving storage life and
versatility of use. This hydrogel is a derivative of hyaluronic acid (HA) which is present in large
quantity in synovial fluid and vitreous humor, which contributes to these tissues’ viscoelastic properties
and which plays an important structural role in articular cartilage. HA is a natural linear polymer
with disaccharide repeating units, namely, [(1→4)-beta-d-GlcpA-(1→3)-beta-d-GlcpNAc]. Natively,
HA has been extracted from a variety of animal tissues in the past. Due to the limited sources and a
risk of viral infection, the extraction technique has been replaced by microbial fermentation with a
high purification efficiency, low production cost, and low risk rate of cross-species viral infection [6–9].
Owing to its relevantly unique physico-chemical properties and its important biological activities as a
drug carrier [10–12], HA has been used in a wide variety of applications, such as food, biomedicine,
biomaterials, and cosmetics. The gels obtainable by using cross-linked HA chains by chemical
derivatization led to several chemical modifications. The cross-linking has been proposed to achieve
chemical and mechanical HA robustness [13–15]. In particular, the conjugation with poly-D,L-lactic
acid (PLA) [4,16–19] (Figure 1) gives an ideal product for the predesigned pharmacological use.

→ →

 
Figure 1. The molecular moieties (a) hyaluronic acid (HA) and (b) polylactic acid (PLA) forming the
copolymer HA-PLA (b/a + b = 13% w/w).

In fact, this HA derivative is important for two main requisites to be reached. First, the stability
of the hyaluronic acid chain against depolymerization, and secondly, the stability of the chemical
junction between HA polymer and PLA moiety to confer to the polymer the desired physico-chemical
characteristics. The sterilization procedure by ionizing through gamma ray irradiation induces a
fragmentation of HA, as has been well reported [20]. The samples for the stability study have been
synthesized by a new method property of Novagenit. The product has been named HA-PLA Novagenit
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DAC® and obtained chemically in a sterile condition with an esterification of HA of about 13% (w/w)
at the origin. The stability of the conjugate with sterile polylactic acid has been studied directly at the
surface of titanium prosthesis as well as in the bulk region. For these samples, the physico-chemical
characteristics, the stability of the copolymer, and its molecular weight dispersion have been studied
by NMR spectroscopy [21] over time, which included a temperature cycle. The earlier proposed
application of the diffusion-ordered spectroscopy (DOSY) NMR revealed it was particularly successful
in this kind of study in order to distinguish among different molar diffusivities due to the different
hydrodynamic radii that are often correlated with the different molecular weights [22–25]. In this
field, very important advances have been made by DOSY NMR in general [26,27] for the separation
of drugs in mixtures [28,29]. It is important that in similar studies addressed to the measure of
precise molar diffusivity, should be performed usually with a gradient strength quite higher than
that used in this study. Thus, the reported results are to be considered as apparent values that,
notwithstanding, allowed us to monitor the macromolecular degradation and the extent of the
hydrolysis of the conjugation. The characteristic of linear polymers (far from the usual spherical shape
of macromolecules) led us to consider these results valid [30]. A discussion of the obtained results is
detailed in a paragraph in the discussion section.

This study appears particularly important because of the diverse biological activities of the
hyaluronan fragments [31]. In fact, depending on the polymer length, i.e., small, medium, and large
fragments, small and medium ones have pro-angiogenic and anti-apoptotic properties which stimulate
the synthesis of heat-shock proteins (HSP) as potent immunostimulants. Immunosuppressive and
anti-angiogenic functions are mainly exerted by large polymers [12].

As reference standards with high molecular homogeneity, certified HAs at various molecular
weights (MWs) have been used. This approach was already applied in other cases to reveal the presence
of hyaluronic acid in mixtures [30]. In our case, this spectroscopic approach revealed to be more precise
and sensitive than the results obtained by gel permeation chromatography reported below [32,33].

2. Materials and Methods

2.1. Materials

HA sodium salt HySilk reference standard with MW 13 kDa and 280 kDa were furnished by Giusto
Favarelli (Via Medardo Rosso, 8, 20159 Milano, Italy), and HA sodium salt 50 kDa was purchased
from Sigma-Aldrich (Milano, Italy). PLA “Purasorb” was purchased from Corbion Biomaterials Purac
Biochem (Gorinchem, The Netherlands). HA-PLA in sterile and non-sterile form was prepared by
Novagenit (Mezzolombardo-TN, Italy).

2.2. High Molecular Weight HA Sodium Salt

Sodium hyaluronate “high MW” with a value about MW ≥ 500 kDa for pharmaceutical and
medical use was purchased from HTL (7 rue Alfred Kastler-ZI de l’Aumaillerie, 35133 Javené, France).

2.3. Synthesis of DAC®

DAC® copolymer was synthesized by esterification of HA with PLA according to the experimental
protocol already registered by Novagenit [20]. In order to allow the grafting of PLA to HA, PLA was
reacted with carbonyl di-imidazole to obtain the corresponding imidazole derivative (PLA-CI).
Subsequently, the reaction between carboxyl-activated PLA and an organic soluble HA form (Hyaluronic
acid tetrabutyl ammonium salt, HA-TBA) is carried out in N-methyl pyrrolidone (NMP), 48 h, 37 ◦C;
finally, precipitation and ion exchange lead to the sodium salt form of HA-g-PLA. The final derivatization
grade is PLA/(HA + PLA) = 13% w/w.
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2.4. Stability Tests

Sample preparation and stability tests were performed according to UNI EN ISO 10993-9 [34],
ISO 10993-13 [35] and ISO 13871:1995 [36] guidelines. The test was performed in triplicate, and was
designed over 5 study times (from a few seconds to 15 days). For each study time, DAC® hydrogel
was uniformly distributed over the roughened surface of the titanium disk. The system was topped
with a second titanium disk, obtaining a “sandwich”. Each double disk system was immersed in PBS
solution at pH 7.2, each container was closed and placed at 37 ◦C, without stirring, to simulate the
physiological condition of the medullary cavity. At each study time, for each sample, the double disk
system was separated from its buffered solution, and disk samples and solutions were freeze-dried
separately. For the initial study time, sudden disk removal, no sample is recovered from the buffer
solution. For the final study time, 15 days, no sample is recovered from the interface of the two
disks. A total of 24 samples are therefore recovered for the High Performance Liquid Chromatography
(HPLC) and NMR study (Table 1).

Table 1. The 24 samples of HA-PLA (Novagenit DAC®) recovered for HPLC and NMR study both
from gel on disk and in buffer solution as indicated (see text).

Time Days Name Quantity (mg) Origin Name Quantity (mg) Origin

0 T0D1 227.2

Gel on disk

- -

Buffer
solution

0 T0D2 169.9 - -

0 T0D3 163.2 - -

1 T1D1 192.3 T1F1 709.3

1 T1D2 212.3 T1F2 654.9

1 T1D3 210.2 T1F3 668.7

3 T3D1 126.2 T3F1 727.8

3 T3D2 134 T3F2 754.6

3 T3D3 126.8 T3F3 733

7 T7D1 7 T7F1 839.4

7 T7D2 8 T7F2 818.4

7 T7D3 7.2 T7F3 829.1

15 T15D1 - T15F1 893.1

15 T15D2 - T15F2 830.3

15 T15D3 - T15F3 848.3

Sterile titanium disks 8.0 cm diameter and 0.4 cm thick were purchase by Adler Ortho
(Via dell’Innovazione, 9, 20032 Cormano, Italy). Titanium disks 6.5 cm diameter and 0.4 cm thick were
purchased by Adler and sterilized by gamma irradiation.

2.5. Degradation Method

The degradation method of a single batch of the original sample HA-PLA DAC® from Novagenit
is reported in the proprietary patent.

Degradation was obtained by 1.0 mL of NaOH 0.2 M solution heated at 60 ◦C, then 30 mg of
sample is added stirring at constant temperature for 30 min. The aqueous phase is extracted from
dichloromethane to eliminate free PLA produced by hydrolysis.

2.6. Analytical Methods

The chromatographic experiments (HPLC-UV) were performed by Agilent instrument 1260 Series.
2 Waters UltraHydrogel columns in series (UH 500, 10 µm, 7.8 × 300 mm and UH250, 6 µm,
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7.8 × 300 mm) were eluted with microfiltrated water milliQ PBS at pH 7.2, at 0.8 mL/min flow/rate.
20 µL injection was used. UV detector was set at 200 nm.

2.7. NMR Spectroscopy Measurements

1H NMR were performed on Bruker Avance 300 MHz and Bruker Avance 400 MHz instruments. 1H
Diffusion ordered NMR (DOSY) experiments were run on Bruker Avance 700 MHz. Monodimensional
NMR spectra were achieved by single-pulse NMR using the solvent suppression only in the case of
samples in water solution by using a 90degree pulse and a repetition time as to allow the magnetization
to relax completely. The spectra were registered in 8K data point and then transformed in 16K
data point. Deuterated solvent for lock purpose was purchased from Sigma Aldrich (Milano, Italy):
DMSO-d6, 99.9% D, or D2O 99.9 atom % D. To estimate possible solvent effects on the spectrum of
the sample other samples have been prepared in DMSO-d6–D2O mixture (DMSO-d6:D2O = 9:1) or
(DMSO-d6:D2O = 8:2) containing all 7.5 mg of sample.

The characteristic resonances of PLA and HA sodium salt were identified: for PLA 3H δ

1.4–1.6 CH3, 1H δ 5.0 CH and for HA sodium salt 3H δ 1.8 CH3(CO-NH); 2H δ 4.5–4.62.
In a diffusion ordered spectroscopy (DOSY) experiment, a series of NMR spectra is normally

acquired in a spin or stimulated echo as a function of pulsed-field gradient amplitude, with the
amplitude of each signal decaying at a rate determined by the diffusion coefficient. The ideal behavior
for unrestricted diffusion is described by the Stejskal–Tanner equation [25].

The diffusion ordered spectroscopy (DOSY) experiments were performed by using the ledbpgppr2s
pulse sequence of the Bruker library also in order to suppress the water signal at 4.7 ppm, when necessary.
During the DOSY experiment 32 mono dimensional spectra were acquired with 64 scans in a linear
increasing gradient varying from 5% to 95% with a pulsed gradient time δ of 70 ms and a diffusion time
∆ of 2 ms. The spectra were then analyzed using the DOSY module implemented in Bruker software
TOPSPIN 3.1 (Bruker Italy, Milano, Italy).

3. Results and Discussion

The samples were from the same batch of the original sample HA-PLA DAC® from Novagenit
obtained as reported in the proprietary patent. The samples have been sterilized as indicated in the
preparation protocol. The degree of degradation was obtained as reported in Materials and Methods.

3.1. NMR Spectroscopy Study

The NMR spectra of the HA sodium salt were obtained as reported in Materials and Methods.
The observed chemical shifts were aligned with the literature data [8] and the integral of the signals
(3H δ 2.08 CH3(CO-NH); 2H δ 4.5–4.62) showed the correct ratio of protons resonances. In total 16H
(3 + 11 + 2). For PLA (3H δ 1.4–1.8 CH3;1H δ 5.2–5.4 CH, with a correct ratio between the resonance
integrals 3H:1H). A typical spectrum of HA-PLA is reported in Figure 2.
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Figure 2. NMR spectrum for HA-PLA DAC® sterilized HA sodium salt–PLA at a concentration of
7.5 mg/mL in D2O-PBS obtained as reported in Materials and Methods.

The samples of HA-PLA DAC® sterilized were preliminary studied in D2O as to reduce the
large water resonance dissolving at a 7.5 mg/mL concentration. The NMR resonance assignment was
achieved by literature data distinguishing between HA and HA-Na salt. A mixture of D2O-DMSO was
also examined. In fact, in the NMR spectra, a marked dependence of the PLA resonances upon the
different solvent has been observed. In the solvent mixtures DMSO-d6–D2O (DMSO-d6:D2O = 9:1)
or (DMSO-d6:D2O = 8:2) an increase in intensity of the PLA resonances with respect to the HA-Na
resonances has been observed at the same concentration, with an increase of the intensity of the HA
resonances upon the increase of the D2O ratio (reported in Supplementary Materials, Figure S1).

During this study, the possibility of micellar aggregation in solvents was also considered. In fact,
in the mixtures of water and DMSO at different ratios, it is easy to detect a probable formation of
micelles. PLA is much more soluble in the non-aqueous system while HA strongly prefers the aqueous
one. This effect has been already reported with copolymers like HA-PLA [17,33].

The stability of the presence of the conjugate between HA and PLA needed to be proved after
sterilization. In fact, there was the possibility that the spectrum of Figure 2 would result as a
simple additive overlap between the NMR spectrum of the HA and PLA. In our case, the DOSY
experiment of HA-PLA after sterilization showed a unique diffusive front and, thus, confirmed the
presence of a unique product (HA-PLA) chemically linked together. The observed diffusive front was
8.91 × 10−11 m2 s−1.

Moreover, DOSY experiments reported in Figure 3 for sterilized HA-PLA DAC® obtained as
reported in Materials and Methods revealed that no differences are present in hydrodynamic volumes.
This indicates there is only one population with the same diffusion coefficient and a unique molecular
weight for the HA-PLA copolymer. Particularly the sharp shape of the peak on the left side of the
DOSY representation indicates that nearly a unique species is present in the solution for the observed
diffusive front. A weak diffusion is visible at 0 ppm probably due to a trace of the silyl moiety of DSS
bound to the macromolecule, due to hydrophobicity of PLA moiety.
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Figure 3. Diffusion ordered NMR (DOSY) experiment of the sample HA-PLA DAC® in D2O-PBS after
sterilization. The front of diffusion indicated a Diffusion coefficient D = 8.91 × 10−11 m2 s−1. A weak
resonance is reported at 0 ppm probably due to the silyl moiety of DSS bound to the macromolecule.

Thus following the recommendations [29] of using standards with sufficient molecular
homogeneity to calibrate the MW, a series of DOSY experiments were conducted on separate solutions
of HA fragments with different MWs (13 kDa, 50 kDa, 208 kDa), to check the linearity of hydrodynamic
radii and the MWs in hyaluronans. The results are reported in Figure 4 with a final log-log plot in
Figure 5 reporting the good correlation found. An investigation was also performed to ascertain if an
interference of macromolecules of different sizes in the measure of diffusion could occur. These results
are reported in more detail in Supplementary Materials and in a dedicated section of the Discussion.

 

Figure 4. DOSY experiments of three different HA polymer standards in D2O with different MWs.
(a) 13 kDa; (b) 50 kDa; (c) 208 kDa. To avoid confusion due to possible interferences, the experiments
were run on single polymer samples. The diffusion coefficient obtained are used for the calibration
curve in the log-log plot of the Figure 5.
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Figure 5. Calibration curve of the diffusion coefficient of fragments of HA with different MWs: 13 kDa;
50 kDa; 208 kDa. The diffusion of the trace of protonated water molecule (1% in D2O) is also included
with a correlation of 0.999.

The calibration curve of standards is reported in the following Figure 5, with a correlation
coefficient of 0.999. The inspection of the results of the calibration curve indicated that the experiment
is able to distinguish between fragments with MW lower than 13 kDa (from 5.0 to 13 kDa), in line with
the expected range of MWs in the degradation experiments. Furthermore, the DOSY results included
the resonance of protons of residual water, whose diffusion value displayed a good alignment with
those of the fragments of HA observed. A more detailed discussion of the diffusion results is reported
in the related paragraph in the Discussion section.

Moreover, a detailed study of the possible interferences between these types of polymers was
carried out using a mix of the 13 kDa with the 50 kDa ones and of the 13 kDa with the 208 kDa
standard samples. In addition, these results are reported in Supplementary Materials and in the related
paragraph in the Discussion section.

3.2. Stability Studies of HA-PLA DAC® Sterilized

The stability studies have been performed by NMR and with DOSY NMR upon the time on the
samples reported in Table 1. The NMR and DOSY of sample T15F1 are reported in Figure 6a–d and the
NMR spectrum of T7F1 in D2O are displayed in Figure 7.

In the spectrum in Figure 6a, the decrease of the resonance at 5.2 ppm and the rising of
the resonances characteristic of the degradation of PLA into dimers and trimers of lactic acid are
evident (Monomer: (CH3) δ 1.23; (CH) δ 4.03; Dimer: (CH3) δ 1.27–1.38; (CH) δ 4.19–4.92; Trimer:
(CH3) δ 1.27–1.40–1.44; (CH) δ 4.20–4.98–5.10) [16]. Moreover, DOSY experiments showed evidently
that different diffusive fronts due to different hydrodynamic radius are present (a) HA resonances
without the resonances characteristic of PLA, (b) the resonances due to PLA moiety and the resonances
due to oligomers of lactic acid.

In Figure 6b the left projection circled in red displays species with higher diffusivity than the
(a) trace and, then with lower MW than the HA residual. These are also visible in the left projections of
the DOSY spectrum, circled in red.

In Figure 6c,d the slices (a) and (b) of the DOSY in Figure 6b are reported and correspond to the
spectral profiles of HA and PLA fragments. Furthermore, the diffusion coefficient of the HA polymer
for this last study time appears close to that of the HA standard at 50 kDa.
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The spectrum of the sample T7F1 in Figure 7 indicates that the ester bond is nearly completely
hydrolyzed, and the PLA is completely transformed in lactic monomer, dimer, and trimer, for this
study time.

δ δ δ δ δ
δ

(a) 

 
(b) 

Figure 6. Cont.
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Figure 6. (a) NMR spectrum of the sample of T15F1 of HA-PLA DAC® sterilized and degraded as in
Table 1 as reported in Materials and Methods. (b) DOSY spectrum of the sample T15F1. The DOSY
indicates the presence of two diffusive fronts due to chemical species “a” and “b”. Front “a” represents
the residual HA polymer with a MW slightly decreased with respect to the result in Figure 3, showing D
= 1.30 × 10−10 m2 s−1 corresponding to a MW of 37 kDa. Front “b” represents the fragments of PLA
released by hydrolysis of the conjugated bridge. The region of the vertical profile circled in red shows
the presence of the fragments with a higher diffusivity (3.9–2.50 × 10−9 m2 s−1). The region circled in
blue is attributed to the diffusive front of the residual deuterium hydrogen oxide HDO at 4.76 ppm.
For D2O residual protons, the value of D found was 3.79 × 10−9 m2 s−1. (c) Slice of front “a” of the
DOSY spectrum. (d) Slice of front “b” of the DOSY spectrum.
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Figure 7. NMR spectrum of sample T7F1 in D2O.

3.3. Study by Gel Permeation Chromatography

After the analysis of the reference standards necessary to obtain the reference values,
different batches of the sterile DAC® has been used at a fixed concentration of 1.0 mg/mL. The retention
values (R.t.) found are reported in Table 2. The study required us to perform a separate experiment to
describe correctly the hydrolysis behavior of the sterile DAC® recovered from the titanium disk surface
(D samples) or, alternatively, from bulk exposed to biofluids (simplified as PBS buffer) (F samples).
Thus, two series of samples have been studied D and F all in triplicate as listed in Table 1.

Table 2. Chromatographic retention values of samples of Table 1 examined as reported in Materials
and Methods.

Name Quantity (mg) H2O (mL) Concentration (mg/mL) Retention Time (min)

T0-D1 4.3 4.300 1.00 17.07

T0-D2 6 6.000 1.00 17.39

T0-D3 7.1 7.100 1.00 17.24

T1-D1 2.5 2.500 1.00 17.17

T1-D2 3.3 3.300 1.00 16.68

T1-D3 2.3 2.300 1.00 16.24

T1-F1 8.2 1.171 7.00 16.08

T1-F2 8 1.143 7.00 16.40

T1-F3 7.9 1.129 7.00 16.01

T3-D1 9 9.000 1.00 16.32

T3-D2 4.5 4.500 1.00 15.9

T3-D3 9.6 9.600 1.00 16.01

T3-F1 8 1.143 7.00 15.71

T3-F2 9 1.286 7.00 15.77

T3-F3 9.3 1.329 7.00 15.72

T7-D1 1.3 1.300 1.00 15.87

T7-D2 2.5 2.500 1.00 15.81
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Table 2. Cont.

Name Quantity (mg) H2O (mL) Concentration (mg/mL) Retention Time (min)

T7-D3 3 3.000 1.00 15.84

T7-F1 8.7 1.243 7.00 15.68

T7-F2 8.6 1.229 7.00 15.66

T7-F3 8.4 1.200 7.00 15.65

T15-F1 7.7 1.100 7.00 15.72

T15-F2 7.6 1.086 7.00 15.69

T15-F3 7.8 1.114 7.00 15.70

An important result is that the two D and F series show a similar behavior thus indicating that
the proximity to the titanium disk surface it is not able to induce differences in the chemistry of
the degradation.

The obtained results indicated that when the ester bond undergoes hydrolysis, the degraded
samples lose progressively the amphiphilic character thus decreasing the micellar aggregation and
decreasing the retention time significantly.

The chromatographic analysis results can be summarized as follows: the sterilized HA-PLA
DAC® shows an apparent MW lower than that measured of the non-sterilized product; the retention
time trend at the different study times suggests that hydrolysis occurs at the ester bond between HA
and PLA.

In fact, the retention values (Table 2) have a clear decreasing trend upon the time of exposure to
hydrolysis thus confirming what was reported in NMR study’s section for HA-PLA DAC® with and
without sterilization.

In summary, upon time the hydrolysis of the ester bond between HA and PLA increases thus
decreasing the marked amphiphilic character of the copolymer and, then, decreasing the tendency to
form micellar aggregation.

At the time T15 a single polymeric species is present identified as HA-Na with an apparent
MW ≥ 50 kDa.

In Figure 8, the chromatograms of: HA-Na 13 kDa (blue), Ha-Na 50 kDa (red), and T15F1 (green)
are reported, displaying a comparable apparent MW for the T15 sample with HA standard at 50 kDa.
All the experiments were performed in triplicate as reported in Materials and Methods and the results
showed an excellent reproducibility.

≥

Figure 8. Overlay of the chromatograms of sample HA-Na 13 kDa (blue), Ha-Na 50 kDa (red), and T15F1
(green). In the horizontal axis the retention times in minutes are reported.
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3.4. Considerations about Diffusion Data

Taking into consideration the limits of precision in the determination of the absolute value of
diffusion coefficients by DOSY due to the available strength of the gradient of the 700 MHz instrument
(6G), these results are an interesting example of the utility of this technique for the study of polymer
fragmentation. In particular, the diffusion measure of the HA standards proved to discriminate properly
the different MWs, considering that a good comparison can be performed for species possessing the
same molecular characteristics. In fact, this is a recommendation formulated [29] for a good comparison
of the molecular weights, where the use of similar structures eliminates systematic errors related to the
use of standards with different chemical features.

In the diffusion measurements of DAC® in D2O, the unique front shown in Figure 3 has
a D = 1.23 × 10−9 m2 s−1. The values of the diffusive fronts in Figure 6b, are as follows: front
(a) D = 1.30 × 10−10 m2 s−1 and front (b) (fragment distribution) from 3.0 to 2.54 × 10−9 m2 s−1.

In the case of HA certified standard fragments the diffusion coefficients were: 13 kDa
D = 2.22 × 10−10 m2 s−1; 50 kDa D = 1.11 × 10−10 m2 s−1; 208 kDa D = 5.18 × 10−11 m2 s−1.

Moreover, a detailed study of the possible interferences between these types of polymers was
carried out. In fact, the possibility of entangling should be further investigated. These experiments
consist of the DOSY measure of the mix of two standard fragments with different MWs. This was made
by observing DOSY in the diffusion coefficient of the same standards using either a mix of the 13 kDa
and the 208 kDa samples and the mix of the 50 kDa and 208 kDa. These experiments are reported in
Figures S2 and S3.

In the first case (13 kDa and 208 kDa) the diffusion coefficients of the diffusive fronts were
D = 2.29 × 10−10 m2 s−1 for the 13 kDa fragments and 1.20 × 10−10 m2 s−1 for the 50 kDa instead of the
same fragments alone which were 2.22 × 10−10 m2 s−1 and 1.11 × 10−10 m2 s−1 respectively.

The other experiment was performed on a mix of the 13 kDa and the 208 kDa fragments.
Results were for the 13 kDa front D = 4.07 × 10−10 m2 s−1 and for the 208 kDa one D = 4.09 × 10−11 m2

s−1. Additionally, in this case, a difference is clearly visible between the diffusion D of the fragment
alone reported above and the same in the mixture.

In fact, in the case of fragments alone for 13 kDa D = 2.22 × 10−10 m2 s−1 and for 208 kDa
D = 5.18 × 10−11 m2 s−1. The differences are not very large but are indicative that the presence of other
macromolecules in the solution can affect the absolute value of the diffusion coefficient. This can be
also due either to entangling between macromolecules or to an effect of the change in solution viscosity.

The diffusion of water in these systems (plot of Figure 3) was monitored. The D value of the trace
of the deuterium hydrogen oxide (HDO) resonance was 1.86 × 10−9 m2 s−1.

On the other hand, in Figure 6b the diffusion front of a resonance at 4.76 ppm due to HDO shows
a value of 3.79 × 10−9 m2 s−1. This is the value experimentally determined in the presence of HA-PLA
macromolecules and the fragments upon fragmentation. Moreover, the D value of the resonance of
HDO molecule in the mix of fragments reported above shows a variable value of D of HDO, in fact in
the mix of 13 kDa and 208 kDa D was measured in 4.45 × 10−9 m2 s−1. On the basis of the literature
diffusion of net water as a trace of the protonated water molecule, in practice HDO (1% of H2O in
D2O) a value D = 1.12 × 10−9 m2 s−1 is reported also with NMR [37–39] and with other physical
techniques [40,41]. The variability of the diffusion of the HDO molecule is evidently strongly affected
by the size and the dispersity of the macromolecules in the solution. It is also important to consider
that HA contains a large number of hydroxyl groups able to alter the property of protons of HDO by
the prototropic exchange.

In addition, the preliminary experiments included also the use of a High MW hyaluronic acid
purchased as reported in Materials and Methods. The MW was with a value about MW ≥ 500 kDa.

The results are not suitable for publication due to the bad quality of the very noisy spectra but it is
interesting that the diffusive profiles on the left of the DOSY spectra indicate the presence of three
broad peaks with D = 1.69 × 10−11 m2 s−1, 2.51 × 10−11 m2 s−1 and 4.68 × 10−11 m2 s−1. In the same
experiment, the lactic acid molecule (100 Da) gave a value of 4.3 × 10−9 m2 s−1.
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4. Conclusions

From the results of chromatographic analysis, HPLC-GPC-UV and NMR spectroscopy included
DOSY NMR of sterilized HA-PLA DAC® it is possible to conclude that the sterilization process
obtained with ionizing radiation induces a reduction of MW of HA-PLA DAC® as already reported by
several authors.

Moreover, HA-PLA DAC® sterilized in physiological conditions (PBS), as in the proprietary
Novagenit protocols for checking stability, shows the expected behavior obtaining a complete hydrolysis
after about 15 days and the degradation into monomeric, dimeric, and trimeric species within the
sensitivity of the techniques used.

The copolymer HA-PLA DAC® sterilized after 15 days in the PBS stability test shows an apparent
MW of almost 50 kDa in both the techniques applied. The sterilized HA-PLA DAC® shows an
amphiphilic character with micellar aggregation properties in the polar media as indicated by the
results in agreement for all the applied techniques.

Finally, in our case, the diffusion studies by DOSY NMR spectroscopy confirm to be a very
useful tool in investigating the behavior of chemically conjugated and bioconjugated compounds in
pharmaceutical industry research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/11/1478/s1,
Figure S1: Behaviour of HA-PLA conjugate DAC® after sterilization in different solvent mixture indicated,
Figure S2: DOSY experiments conducted as reported in Materials and Methods on the mixture of two fragments
of HA with different MWs, Figure S3: DOSY experiments conducted as reported in Materials and Methods on the
mixture of two fragments of HA with different MWs.
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Abstract: Chondroitin synthase KfoC is a bifunctional enzyme which polymerizes the capsular
chondroitin backbone of Escherichia coli K4, composed of repeated β3N-acetylgalactosamine
(GalNAc)-β4-glucuronic acid (GlcA) units. Sugar donors UDP-GalNAc and UDP-GlcA are the
natural precursors of bacterial chondroitin synthesis. We have expressed KfoC in a recombinant strain
of Escherichia coli deprived of 4-epimerase activity, thus incapable of supplying UDP-GalNAc in the
bacterial cytoplasm. The strain was also co-expressing mammal galactose β-glucuronyltransferase,
providing glucuronyl-lactose from exogenously added lactose, serving as a primer of polymerization.
We show by the mean of NMR analyses that in those conditions, KfoC incorporates galactose,
forming a chondroitin-like polymer composed of the repeated β3-galactose (Gal)-β4-glucuronic
acid units. We also show that when UDP-GlcNAc 4-epimerase KfoA, encoded by the K4-operon,
was co-expressed and produced UDP-GalNAc, a small proportion of galactose was still incorporated
into the growing chain of chondroitin.

Keywords: chondroitin; K4 chondroitin synthase; NDP-sugar misincorporation

1. Introduction

Bacterial chondroitin is a natural capsular component of some pathogenic strains such as the Gram
negative Escherichia coli K4 [1], Pasteurella multocida type F [2,3], and Avibacterium paragallinarium [4].
Chondroitin belongs to the glycosaminoglycan (GAG) family which is found in animal extracellular
matrices. Unlike in bacteria, animal chondroitin is normally sulfated and several types of chondroitin
sulfate have been reported, depending of sulfation patterns [5]. There is a growing interest in the
use of bacterial GAG synthases at the academic and industrial levels in order to produce high yield,
structurally well-defined and animal contaminant free products. Synthesis can be achieved either
chemo-enzymatically using purified enzymes, or through their expression in suitable, harmless,
well known recombinant bacteria. For those purposes, it is critical to characterize and understand the
behaviour of available enzymes.

Chondroitin synthase (CS) KfoC has been extensively studied and its tri-dimensional structure
has been solved [6]. It is composed of a N-terminal domain A1 which catalyses GalNAc transfer, and a
C-terminal domain A2 which catalyses GlcA transfer [7]. KfoC is being used in the engineering of
bacterial strains to produce chondroitin at industrial scale [8,9]. Several studies addressed catalytic
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properties and specificity of KfoC regarding nucleotide-sugars and various acceptors [10–12]. However,
studies have never been conducted regarding its behaviour in presence of UDP-galactose.

Here, we report the property of KfoC to incorporate galactose in the absence of UDP-GalNAc
in vivo. The ability of some degrading enzymes to cut [β3Gal-β4GlcA]n polysaccharide we called
“chondbiuronan” is also investigated.

2. Materials and Methods

2.1. Chemicals and Molecular Biology Supplies and Services

Chemicals, unless otherwise indicated, were purchased from Sigma-Aldrich Chimie (Saint-
Quentin-Fallavier, France). Unsulfated chondroitin was from HTL Biotechnology (Javené, France).
DNA polymerases, DNA modification, and restriction enzymes were purchased from Thermo-Fisher
Scientific Inc. (Illkirch, France). Synthetic DNA was purchased from GenScript Biotech (Leiden, The
Netherlands). Chondroitin AC lyase from Flavobacterium heparinum and hyaluronidase from bovine
testis were purchased from Sigma-Aldrich. DNA sequencing was performed by Eurofins Genomics
(Ebersberg, Germany GmbH). Recombinant DNA was isolated using miniprep columns (Qiagen Inc.,
Valencia, CA, USA). The E. coli strain Top10 was used for plasmid construction and strain K-12 for
recombinant polysaccharide production in bioreactor.

2.2. Bacterial Strains and Recombinant Vectors

The E. coli DJ strain (i.e., strain DH1 lacA lacZ wcaJ), as well as plasmid constructions pBBR-glcATP-
kfiD and pBS-kfoC have previously been used in our laboratory to produce heparosan and
chondroitin [13,14]. DNA encoding for UDP-GlcNAc 4-epimerase of E. coli K4, KfoA [15] was
cloned in Sac1-Sma1 sites of pBAD33 to obtain pBAD-kfoA. Engineered strains constructed in this
study are summarized in Supporting information, Table S1.

2.3. Culture Media and Culture Conditions for the Production of Polysaccharides

Cultures were carried out in 0.5 L reactors (Infors HT Multifors, Bottmingen, Switzerland)
containing 0.2 L of mineral culture medium, as previously described [13]. The high-cell density culture
consisted of two phases: (1) an exponential-growth phase at 33 ◦C, which started with inoculation and
lasted until exhaustion of the initially added glucose (17.5 g·L−1), and (2) a 72 h fed-batch phase at
28 ◦C, with 90 mL of 50% glycerol feeding solution, provided at a flow rate of 1.375 mL·h−1. isopropyl
β-D-1-thiogalactopyranoside (IPTG) (0.2 mM) was added to the culture 3 h after the beginning of the
glycerol feed. Lactose acceptor (750 mg) and arabinose (0.5% and 2% w/v when added) were put in the
glycerol feed and supplied continuously. The selecting ampicillin, chloramphenicol, and tetracycline
antibiotics were used at 100, 25, and 15 µg·mL−1, respectively.

2.4. Extraction and Purification of Polysaccharides

After 72 h of fed-batch, the culture was centrifuged (10,000× g, 30 min) and the supernatant
replaced by distilled water. The cells were then autoclaved at 105 ◦C for 10 min to be disrupted.
The supernatant—designated as the “total extract”—was collected after centrifugation (10,000×
g, 30 min). IR120 H+ Amberlite resin was used to lower its pH to 3.5 and precipitate proteins.
This precipitate was then removed from the solution by centrifugation (10,000× g, 30 min). The pH
was adjusted to 7 using NaOH, and 3 volumes of ice-cold 95% ethanol were added to the
total extract to precipitate the polymer. Finally, the precipitated polysaccharide was isolated
using centrifugation (10,000× g, 30 min, 4 ◦C). The pellet was then dissolved in distilled water.
Pure chondroitin or chondbiuronan was obtained by anion-exchange chromatography on a MonoQ
(HR16/10, GE Healthcare, Uppsala, Sweden) column run on an NGC medium-pressure chromatography
system (Bio-Rad, Hercules, CA, USA). The column was washed with 20 mL of 10 mM Tris HCl pH 7.6
buffer, then a linear gradient of 50 mL of 0 to 1 M NaCl in the same buffer was applied. The flow
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rate was 2 mL·min−1 and fractions of 4 mL were collected. The presence of GAGs was monitored by
UV detection at 210 nm and confirmed using a colorimetric assay [16]. The presence of contaminants
was detected at 260 and 280 nm. Polysaccharide containing fractions were pooled and desalted on
HighPrep 26/10 (GE Healthcare, Uppsala, Sweden) desalting column in water. The sample was finally
lyophilized and stored at −20 ◦C for downstream analysis.

2.5. Enzymatic Degradation

Chondroitin and chondbiuronan (500µg) were treated by chondroitin AC lyase from Flavobacterium

heparinum (0.9 mg) in 500 µL of 50 mM Tris-HCl buffer pH 8 at 25 ◦C. The reactions were followed by
monitoring the formed unsaturated reducing ends at 235 nm.

Chondroitin and chondbiuronan (500 µg) were incubated at 37 ◦C with hyaluronidase from bovine
testis (350 µg) in 250 µL of 0.1 M sodium acetate buffer pH 5 containing 0.1 M NaCl. At regular time
intervals, the amount of reducing sugars was determined using the ferricyanide method [17].

2.6. Carbohydrate Analyses

Chondroitin and chondbiuronan were quantified by colorimetric assay of uronic acid [16]. Average
molecular weight and molecular weight distributions were determined using high-performance
size-exclusion chromatography (HPSEC) (LC-20AD, Shimadzu, Marne La Vallée, France) with on-line
multi-angle light scattering (MALS) (MiniDAWN TREOS, Wyatt Technology Corp. (Santa Barbara,
CA, USA)) fitted with a K5 cell and a laser wavelength of 660 nm, a refractive index detector, and a
viscometer. Columns (OHPAK SB-G guard column and OHPAK SB 806 HQ column (Shodex, Munich
Germany) were eluted with 0.1 M NaNO3 containing 0.03% NaN3 at 0.5 mL·min−1. Solvent and
samples were filtered through 0.1 µm and 0.2 µm filter units (Merck-Millipore, Darmstadt, Germany),
respectively. The dn/dc determined with a refractometer was of 0.1306 and 0.1293 for chondbiuronan
and chondroitin, respectively. 13C and 1H-NMR spectra were recorded with a BRUKER Avance 400
spectrometer (Ettlingen, Germany) operating at a frequency of 100.618 MHz for 13C and 400.13 MHz
for 1H. Samples were solubilized in D2O and analysed at 353 K. Residual signal of the solvent was
used as an internal standard: mono-deuterated water (HOD) at 4.25 ppm.

MALDI-TOF(-TOF)-MS: Matrix solution was prepared by dissolving 100 mg of
2,5-dihydroxybenzoic acid (DHB) in 1 mL of a 1:1 solution of water and acetonitrile then 20 µL
of N,N-dimethylaniline (DMA) were added to the DHB matrix solution. The analyte (10 mg/mL in
water) and DHB/DMA solutions were mixed (1:1) and spotted onto a polished steel MALDI target,
then dried at ambient temperature. The MALDI mass analysis were performed in linear negative
ion mode with an Autoflex Speed TOF/TOF spectrometer (BrukerDaltonics, Bremen-Lehe, Germany)
equipped with a 355 nm Smartbeam II laser.

3. Results

3.1. Engineering of E. Coli to Produce Chondroitin/Chondbiuronan Lactose

Metabolic engineering of recombinant strains is shown in Figure 1.
The recombinant strain capable of polymerizing exogenously added lactose through the action

of GAG synthases was previously described [14]. As a derivative of E coli DH1, the strain does not
synthesize GalNAc, contrary to E coli K4, which expresses KfoA, an UDP-GlcNAc 4-epimerase.

Briefly, genes lacZ and wcaJ were knocked-out, resulting in the incapacity of the strain to degrade
lactose (Lac), or to produce colanic acid which is a GlcA-containing polysaccharide [18]. In addition,
recombinant mammal β1,3-glucuronyltransferase GlcAT-P and UDP-Glc dehydrogenase KfiD were
expressed, thus allowing the production of glucuronyllactose (GlcA-Lac) upon Lac implementation [19,20].
Genes kfiD and glcAT-P were both expressed in low copy pBBR, while the gene kfoC encoding chondroitin
synthase was expressed in high copy pBluescript.

315



Biomolecules 2020, 10, 1667

β
Figure 1. Synthesis of chondbiuronan and chondroitin in engineered Escherichia coli. Lactose (Lac)
is taken up by lactose permease (LacY) and modified by the action of recombinant mouse β-1,3-
glucuronyltransferase (GlcAT-P), leading to glucuronyl-lactose formation, UDP-GlcA being provided
by the action of recombinant UDP-Glc dehydrogenase (KfiD) from the E. coli strain K5. Recombinant
chondroitin synthase KfoC catalyses (i) synthesis of chondbiuronan in strain EcDGCø from UDP-GlcA
and UDP-Gal constitutively produced by GalE or (ii) synthesis of chondroitin in strain EcDGCA from
UDP-GlcA and UDP-GalNAc produced by recombinant epimerase KfoA. Genotypes: EcDGCø, strain
DJ (pBS-kfoC, pBBR-kfiD); EcDGCA, strain DJ (pBS-kfoC, pBBR-kfiD, pBAD-kfoA).

The strain named “EcDGCø” expressing three recombinant genes kfoC, glcAT-P, and kfiD was
constructed to examine the capacity of the enzyme KfoC to produce a polysaccharide in absence
of UDP-GalNAc.

The strain “EcDGCA” was constructed in order to observe the incorporation of GalNAc while
expressing UDP-GlcNAc 4-epimerase KfoA, providing UDP-GalNAc from UDP-GlcNAc epimerisation.
Gene kfoA was cloned in medium copy pBAD33 carrying the tightly regulated promoter araBAD.
Expression of the epimerase was induced by arabinose, independently of the other three recombinant
genes induced by IPTG. It was thus possible to modulate the level of epimerase activity without
changing the expression of the other recombinant genes. Strain EcDGCA was very similar to strain
K-cho that we have described previously, capable of producing recombinant chondroitin from lactose
and lactose-furyl [14].

Recombinant strains cultures were driven on minimal medium and cultivated for 72 h in fed-bach
conditions (Figure 2).
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Figure 2. Production of recombinant polysaccharide during growth of engineered strains cultivated
in bioreactor. Titer is calculated on the basis of the uronic acid assay. Error bars represent standard
deviation of two independent cultures.

All cultures accumulated an ethanol-precipitated product intracellularly as the synthesis occurred
from cytoplasmic lactose and kps genes involved in polysaccharide export were absent from K-12
strains [21]. Accordingly, strain EcDGCA accumulated several g·L−1 of chondroitin at the end of the
culture. Interestingly enough, it could be observed that the rate of production increased with epimerase
induction controlled by the addition of arabinose, suggesting that it was a limiting parameter of
chondroitin synthesis. We can reasonably hypothesize that the epimerase induction level impacts the
cytoplasmic concentration of UDP-GalNAc, probably limiting in the polymerization reaction. Strain
EcDGCø culture lacking epimerase slightly accumulates a lower amount of unknown polysaccharide
(compound 1). However, this compound was only noticeable after 2 days of glycerol feeding.

3.2. Structural Identification of Unknown Polymer Formed by KfoC in Absence of GalNAc

Compound 1 produced by strain EcDGCø as well as chondroitin produced by EcDGCA were
purified and subjected to various analyses. The HPSEC-MALS analysis of compound 1 revealed a very
low molecular weight, compared to chondroitin samples (Table 1).

Table 1. HPSEC-MALS analysis of chondbiuronan and chondroitin in this work. Error is the mean of
two independent experiments.

Culture Mn Mw Mw/Mn

EcDGCø + IPTG 6000 ± 1400 8000 ± 2000 1.34 ± 0.01
EcDGCA + IPTG + 0.5% Ara 13,700 ± 1400 24,000 ± 4800 1.79 ± 0.41
EcDGCA + IPTG + 2% Ara 18,600 ± 1800 30,400 ± 3000 1.63 ± 0.01

We then acquired the 1H NMR (Figure 3A) and 13C NMR (Figure 4A) spectra of compound 1.
They showed characteristic signals of glucuronic acid and galactose linked in β1-3 and β1-4 respectively.
Indeed, this data proved that KfoC incorporated galactose in absence of UDP-GalNAc, enough to lead
to the synthesis of a small chondroitin-like polysaccharide we named “chondbiuronan.”

Considering the very low size of chondbiuronan, we decided to run a mass spectrometry analysis.
MALDI-TOF-MS analysis in linear negative mode allowed to obtain several molecular ion clusters
separated by 338.3 daltons which correspond to the [Gal-GlcA] motif (Figure 5).
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Figure 3. 1H NMR spectra of chondbiuronan (A) and chondroitin obtained using 0.5% (B) and 2% (C)
arabinose induction. Inset: chemical structure of the polysaccharides.

Figure 4. 13C NMR spectra of chondbiuronan (A) and chondroitin obtained using 0.5% (B) and 2% (C)
arabinose induction. Inset: chemical structure of the polysaccharides.

Although this analysis does not reflect the true size repartition of the sample as signal detection
decreases with size, we clearly see that main molecular ions belong to odd-numbered polymers,
indicating that they contain GlcA at non-reducing termini and lactosyl motif at the reducing termini.
The fact that GlcA residues terminate elongating chains suggests that the glucuronyltransferase activity
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of KfoC was not limiting in the polymerization reaction, and confirms that the GalNAc-T activity was
the limiting reaction instead, as suggested before.

 

Figure 5. Possible structures of chondbiuronan depending on reducing termini (A) and negative-ion
linear MALDI mass spectrum of compound 1 (B). Acidic [M-H]- peaks are denoted by arrows. Na/H
and K/H exchanges are observed increasingly with molecular weight (enlarged peaks).

3.3. Galactose Incorporation Remains in Recombinant Chondroitin

We compared the 1H and 13C NMR spectra of chondbiuronan (Figures 3A and 4A) to the ones of
chondroitin produced by the strain EcDGCA at different induction levels of KfoA; 0.5% (Figures 3B
and 4B) and 2% arabinose (Figures 3C and 4C). In addition to the signals found with chondbiuronan,
they showed NMR signals that we attributed to N-Acetylgalactosamine (GalNAc) residues as well as
glucuronic acid (GlcA) residues linked to GalNAc rather than Gal. The level of incorporated Gal could
be calculated according to the 1H NMR signals integration: the Gal:GalNAc ratio was of 4:6 and 2:8 at
0.5% and 2% arabinose, respectively, arguing for a competition between Gal and GalNAc incorporation,
related to the level of induction of KfoA: the more UDP-GalNAc, the less galactose incorporation.

The chemical shifts of the corresponding protons and carbons were determined using heteronuclear
single-quantum correlation experiments (HSQC, Supplementary Figure S1) and correlation spectroscopy
(COSY, Supplementary Figure S3) and are reported in Table 2.
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Table 2. 1H and 13C NMR chemical shifts (δ, ppm) of chondbiuronan (EcDGCø) and chondroitin
(EcDGCA) obtained using 0.5% and 2% arabinose induction.

Sugar Residue 1 2 3 4 5 6 (6a,6b) NHAc (CH3, CO)

Chondbiuronan EcDGCø
A→4)-β−D-GlcA-(1→ 1H 4.70 3.47 3.65 3.78 3.86 no

13C 104.24 73.91 75.25 81.43 76.51 175.78
B→3)-β−D-Gal-(1→ 1H 4.52 3.71 3.79 4.16 3.72 3.79, 3.79

13C 103.57 71.05 83.42 68.97 75.95 61.94

Chondroitin EcDGCA
A→4)−β−D-GlcA-(1→ 1H 4.68 3.47 3.65 3.78 3.85 no

13C 104.53 74.01 75.25 81.43 76.53 175.78
B→3)−β−D-Gal-(1→ 1H 4.52 3.71 3.79 4.16 3.72 3.79, 3.79

13C 103.57 71.03 83.45 68.99 75.95 61.94
C→4)−β−D-GlcA-(1→ 1H 4.51 3.39 3.61 3.78 3.72 no

13C 104.99 73.65 74.80 80.93 77.52 175.11
D→3)-β-D-GalNAc-(1→ 1H 4.58 4.02 3.82 4.14 3.72 3.69, 3.94 2.04

13C 101.71 52.01 81.36 68.76 75.88 62.00 23.47, 175.75

3.4. N-Acetylglucosamine: Another Misincorporation of KfoC

KfoC is known to incorporate GlcNAc from UDP-GlcNAc in vitro [7]. However, this incorporation
has been reported to forbid further polymerization of the growing chain. The NMR experiments of our
samples also show the presence of GlcNAc residues in the polysaccharide chains. The F-H3/F-C3 =
3.78/84.21 signals suggest that the third GlcNAc carbon is linked to another GlcA, which highlight
the fact that in vivo, the chain elongation continues after the incorporation of a GlcNAc residue.
Interestingly, the resulting motif corresponds to the hyaluronan structure. The percentage of GlcNAc
incorporated (13%) in the polysaccharide chain was calculated from the 1H NMR signals integration
(Figure 3A) by comparing the integrals of anomeric protons and protons from the GlcNAc acetyl
residue. The chemical shifts have been determined and are reported in the Supplementary Figure S2.

3.5. Enzymatic Susceptibility of Chondbiuronan

GAG can be enzymatically depolymerized either by eliminative cleavage with lyases (EC 4.2.2.-)
resulting in disaccharides or oligosaccharides with ∆4,5-unsaturated uronic acid residues at their
non-reducing end or by hydrolytic cleavage with hydrolases (EC 3.2.1.-).

Chondroitin AC lyase from Flavobacterium heparinum (EC 4.2.2.5) cleaves a variety of GAGs,
including chondroitin sulfates A (chondroitin 4-sulfate) and C (chondroitin 6-sulfate), as well as
the unsulfated chondroitin and hyaluronic acid [22]. Bovine testis hyaluronidase (EC 3.2.1.35) is an
endo-β-N-acetyl-D-hexosaminidase that hydrolyses hyaluronan and to a lesser extent sulfated or
unsulfated chondroitin [23].

Here, the capacity of chondbiuronan to be degraded by these enzymes was evaluated compared to
unsulfated chondroitin. As shown in Figure 6, both enzymes could degrade chondbiuronan. Hydrolysis
rates of chondbiuronan by chondroitin AC lyase and hyaluronidase were however decreased of about
10-fold and 30-fold respectively, when compared to chondroitin.
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Figure 6. Enzymatic digestion of chondbiuronan and chondroitin by chondroitin AC lyase (A) and by
hyaluronidase (B). The filled or hollow circles represent activity on chondroitin and chondbiuronan
respectively. A235 is proportional to the concentration of unsaturated non reducing ends formed by
the lyase action. Hyaluronidase activity was followed by measuring reducing sugars released from
substrates with the ferricyanide method.

4. Discussion

Glycosyltransferases are assumed to be very specific enzymes and misincorporation of NDP-sugars
is not common in normal circumstances. Nevertheless, the incorporation of non-natural analogues of
N-acetamido sugars carrying various N-groups is a well-known approach for carbohydrate labelling or
drug design [24,25]. To some extent, KfoC has been found to be able to take up UDP-GlcNAc as a donor,
but no further elongation could be observed after that [7]. In this study, we showed that in vivo, elongation
after the incorporation of GlcNAc was still possible, leading to a co-polymer composed of hyaluronic
acid and chondroitin. To our knowledge, the ability of KfoC to use UDP-Gal as a donor has not been
investigated, nor the presence of galactose among chondroitin backbone. The crystal structure of KfoC
has been elucidated, but the binding of UDP-Gal in the binding pocket has not been investigated [26].

Here we showed that in vivo, in the absence of UDP-GalNAc, galactose was incorporated by
KfoC leading to the synthesis of a chondroitin-like polymer. A similar phenomenon has already been
observed with the heparosan synthase PmHS2. In vitro experiments show that PmHS2 incorporates
glucose in absence of UDP-GlcNAc, resulting in a new heparosan-like polymer [-4-GlcAβ1-4-Glcα1-]n
named hepbiuronan [26]. Following the same rationale, we named the new chondroitin-like polymer:
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chondbiuronan. Interestingly, the PmHS enzyme used for in vitro hepbiuronic synthesis showed
a 10-fold decrease in maximum velocity. Here, comparison of the chondbiuronan and chondroitin
synthesis suggests a similar phenomenon occurring with KfoC.

Another work dealing with human α-1,3-GalNAc-T (GTA) involved in blood group reported
that the enzyme could bind UDP-Gal but could not efficiently stabilize the complex in a catalytically
active conformation [27]. Such a control based on the enzyme mobility does not seem to be very
efficient in KfoC. This lack of selectivity may be due to the fact that in the context of recombinant
strains, engineered metabolic pathways are different from what they are in wild type strains from
which recombinant enzymes are issued, and this can result in enhancing aberrant enzymatic behaviour.
In our work, only kfoA and kfoC genes belonging to the chondroitin operon of K4 have been expressed.
It cannot be excluded that in normal circumstances, protein interactions occur, which play a role in
enzymatic stability and specificity. Moreover, recombinant kfoC gene was cloned in high copy plasmid
which supposedly differs from E. coli K4 wild type expression. Eventually, we pointed out the fact that
galactose could be incorporated in the chondroitin backbone when overexpressing KfoC. The NMR
study we have conducted should be of great help to investigate the presence of galactose in bacterial
chondroitin produced in other biological systems.

We showed that chondbiuronan could be digested by chondroitin AC lyase and by hyaluronidase.
Previously, it has been observed that hepbiuronan could be digested by the bacterial heparin lyase
III [26]. These results suggest that the specificity for acting on the hexose-substituted GAGs is relaxed
in both classes of bacterial enzymes which are widely used in the industry for quality control of GAGs.

5. Conclusions

The fact that chondroitin synthase KfoC could polymerize a GalNAc-free polysaccharide certainly is
the most striking result in the present study. The very low molecular weight of the new polysaccharide
specie we called chondbiuronan is quite an advantage for chemical coupling and possible use in material
coating or drug delivery due to its chondroitin-like structural features and because it could be slowly
eliminated by GAG degrading enzymes. The use of lactose derivatives carrying chemical groups such as
propargyl, allyl, and furyl groups should be possible as it has been shown that those precursors could be
efficiently taken up to produce GAG derivatives in vivo allowing conjugation by click-chemistry [14,28].

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1667/s1,
Figure S1: HSQC spectra of chondbiuronan (A) and chondroitin (B) obtained using 2% arabinose induction. Inset:
chemical structure of the polysaccharides, Figure S2: HSQC spectrum of chondbiuronan showing the presence
of Glc and GlcNAc incorporated in the polymer. Inset: chemical structure of the polysaccharides, Figure S3:
COSY spectra of chondbiuronan (A) and chondroitin (B) obtained using 2% arabinose induction. Inset: chemical
structure of the polysaccharides, Table S1: Genes, plasmids and E. coli strains used in this study.
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