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Abstract: The linear anionic class of polysaccharides, glycosaminoglycans (GAGs), are critical
throughout the animal kingdom for developmental processes and the maintenance of healthy tissues.
They are also of interest as a means of influencing biochemical processes. One member of the GAG
family, heparin, is exploited globally as a major anticoagulant pharmaceutical and there is a growing
interest in the potential of other GAGs for diverse applications ranging from skin care to the treatment
of neurodegenerative conditions, and from the treatment and prevention of microbial infection
to biotechnology. To realize the potential of GAGs, however, it is necessary to develop effective tools
that are able to exploit the chemical manipulations to which GAGs are susceptible. Here, the current
knowledge concerning the chemical modification of GAGs, one of the principal approaches for
the study of the structure-function relationships in these molecules, is reviewed. Some additional
methods that were applied successfully to the analysis and/or processing of other carbohydrates,
but which could be suitable in GAG chemistry, are also discussed.

Keywords: glycosaminoglycans; polysaccharides; sulfation; chemical modification

1. Introduction

Among polysaccharides, the glycosaminoglycans (GAGs) are notable because of their
participation in diverse biological events and their many biomedical applications. Their
structural analysis can also depend on their chemical derivatization. The availability of
methods for the chemical modification of GAGs enables the preparation of products with
improved therapeutic potential [1]. Several studies describing or utilizing the modification
of GAGs for structural analysis or biotechnological purposes have been reported [2-7]. In
this review, we address chemical methods for the modification of GAG polysaccharides,
concentrating largely on modifications within the polysaccharide chain that result in
naturally-occurring residues being produced, albeit in potentially unnatural sequences,
rather than modifying the structure through the addition of new chemical groups. The
modifications at reducing ends or the non-reducing terminus, e.g., the formation of a
double bond by, for example, lyase enzyme action, with a few exceptions, have largely
been excluded. We also discuss selected methods taken from the wider chemical literature
that, in future, could be applied to modify GAGs.

1.1. Structure and Classes of Glycosaminoglycans

GAGs represent a complex group of macromolecules found in the extracellular ma-
trices and tissues of vertebrates and invertebrates [8], and can be localized inside and
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on the surface of cells. These linear anionic polysaccharides are comprised of repeating
disaccharide units, consisting of a hexosamine (D-glucosamine or D-galactosamine) residue
bound to a non-nitrogenated sugar residue (D-glucoronate, L-iduronate, or D-galactose) [9].
The identities of these residues, the number and position of the sulfate groups, as well as
the positions and configurations of glycosidic bonds, [10] distinguish the different classes
of GAGs, i.e., chondroitin-4 and -6 sulfate (CS, also known as chondroitin sulfate-A and -C),
dermatan sulfate (DS), heparan sulfate (HS), heparin (Hp), hyaluronic acid (HA), and
keratan sulfate (KS) [11].

1.2. General Properties

From a structural point of view, GAGs are linear anionic polysaccharides composed
of multiple repeating disaccharides (Figure 1), with numerous sequence variants giving
rise to heterogeneous populations. For example, octasaccharides from HS could have
over 1,000,000 hypothetical sulfation arrangements [12] and, if only a small proportion of
these possibilities are observed, this still represents considerable heterogeneity. This wide
range of structural variations is accompanied by extensive molecular weight variation,
different electronegativity characteristics, and sulfate clustering to generate a distinct
binding potential and distinct regions within the chains. While the molecular weight of
purified Hp is typically around 12-16 kDa, HA can reach 10,000 kDa [13], but, within a
particular GAG population, varying molecular weights are usually observed [14].
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Figure 1. Typical repeating disaccharides of chondroitin ((A), upper) and dermatan ((A), lower) sul-
fates ((A), lower) and repeating disaccharides of heparan sulfate ((B), upper) and heparin ((B), lower).

The biological activities of GAGs arise predominantly from their interaction with
proteins. The binding forces involved are usually dominated by ionic interactions, espe-
cially between the basic amino acids, lysine and arginine on the protein surface. These
interactions are supported by hydrogen bonding involving polar residues, which are cru-
cial, together with a degree of shape complementarity, to the formation of GAG-protein
complexes between, for example, growth factors and their receptors [15]. High molecular
weight HA can stimulate cell surface CD44 clustering, while small oligosaccharides attenu-
ate the clustering effect [16]. Besides the variation in molecular weight, the polyelectrolyte
properties provide a unique fingerprint. In Hp, for example (particularly in the active
pharmaceutical product), the N-sulfated residues significantly outweigh the N-acetylated
regions, resulting in an average sulfation degree of ~2.7, equating to almost 40 sulfate
groups per polysaccharide chain of 10 kDa. The overall negative charge density of the
polysaccharides is further increased by carboxyl groups, making them the most negatively
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charged biomacromolecules. Furthermore, owing to the low pK, values (<3.2 for car-
boxylates and substantially lower for sulfate groups), these anionic groups are completely
deprotonated at physiological pH. Their high charge density and conformational flexibility
allow GAGs to display diverse protein binding activity, which, to a significant extent, is
driven by these charge interactions.

1.3. Biosynthesis

Glycosaminoglycan sequences in vivo are regulated in a tissue- and organism-specific
manner that can be modulated according to physiological and pathological conditions [17-19].
The mechanism by which GAG biosynthesis is regulated, however, remains an open ques-
tion and is the subject of intense research. Distinct from proteins and nucleic acids, the
biosynthesis of GAGs is not template driven and the strict, sequential application of biosyn-
thetic enzymes cannot account for all of the structures observed [20,21]. Furthermore,
a degree of post-biosynthetic modification is possible, with the sulf enzymes being re-
sponsible for the removal of 6-O-sulfate groups from glucosamine residues. GAG-binding
proteins of functional significance include cytokines and chemokines, enzymes and enzyme
inhibitors, extracellular matrix proteins, and membrane receptors.

The biosynthesis of GAG chains is initiated by a common GAG-protein linkage
tetrasaccharide sequence, with D-GIcA (3 (1-3) D-Gal 3 (1-3) D-Gal 3 (1-4) D-Xyl 3(1-O-
(Ser) attached at the serine residues of their respective core proteins. The GAG-attachment
sites have the consensus peptide sequence Ser-Gly/Ala-X-Gly, where X represents any
amino acid [22]. The linkage region tetrasaccharide is formed by the stepwise addition
of each sugar unit to the serine residue by glycosyltransferases that follows the order:
xylosyltransferase (XylT), galactosyltransferase I (GalT-I), galactosyltransferase II (GalT-1I),
and glucuronyltransferase I (GIcAT-I). The subsequent addition of the appropriate disac-
charide units affords the different types of GAGs. The enzymes employed during their
biosynthesis include the sulfotransferases and epimerases, with the latter being responsible
for the introduction of the L-iduronate (L-IdoA) residues in HS, Hp, and DS [23]. The
synthesis of HS/Hp onto this linkage region is triggered by addition of the fifth sugar,
a-D-GlcNAc, by the enzyme «-N-acetyl glucosaminyltransferase I (GIcNAcT-I). In contrast,
the transfer of a 3-D-GalNAc residue to the linkage region initiates and determines the
synthesis of CS/DS chains by the corresponding enzyme (3-N-acetyl galactosaminyltrans-
ferase I (GaINACT-I) [24]. The relationship between GAG structure and some of the many
biological activities with which they are involved was reviewed by [25].

The presence of specific GAG biosynthetic enzymes in organisms is related to the
emergence of multicellularity and tissue organization, with GAGs being a characteristic of
the metazoan lineage. Moreover, a correlation between the complexity of an organism and
the number of HS sulfotransferase isoforms is evident [26], suggesting the importance of
different degrees and patterns of sulfation to biological complexity.

1.4. Glycosaminoglycan Interactions with Proteins

The interaction of GAGs with a large number of proteins were reported, especially
for HS/Hp [27]. These interactions proceed largely through a combination of charge
interactions between the basic amino acid residues of the protein, i.e., arginine, lysine and,
under appropriate conditions, histidine, with the negative sulfate and carboxyl groups
of GAGs. One important family of signaling molecules, fibroblast growth factors (FGFs),
has been mapped in some detail [28-30]. The significant number of hydrogen bonds and
weaker interactions also play a role, while the overall conformation and flexibility of the
GAGs provide complementary surfaces with appropriately arranged pendant groups,
although their topologies are much more difficult to assess in the absence of detailed
structural studies, which are hindered by the complexity of GAGs and a number of technical
challenges [31]. Thus, while some progress towards understanding the dependence of
specificity on GAG structure has been made (reviewed; [21]), the potential relationship
to HS biosynthesis and regulation, although long appreciated [32] remains to be fully
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explored. Interestingly, it was suggested recently that one role of GAGs may be to provide
a clearance mechanism for misfolded protein [33]. It is not our intention, in the present
review, to survey the large number of biological activities with which GAGs are associated,
but we will refer to relevant examples throughout the text.

The hypothesis that the diverse biological activities of GAGs can be modulated, or
even have entirely new activities induced, was borne out of numerous studies. These
have usually involved extracted, chemically, or enzymatically modified GAGs, as well as
other types of structurally-similar compounds with therapeutic potential [2,5-7,34,35]. The
particular chemistry of this class of polysaccharides, subject to restrictions imposed by their
highly functionalized nature and consequently limited solubility in conventional solvents,
has developed relatively slowly. Nevertheless, there now exists a battery of established
methods for their controlled manipulation, which we attempt to summarize here. Several
methods for additional modifications, taken from other classes of polysaccharides and
the wider chemical literature, which the authors considered to be potentially applicable
to GAGs, are also included. In this review, the International Union of Pure and Applied
Chemistry recommended spelling of sulfate was adopted throughout.

2. Chemical Modifications

Glycosaminoglycans are highly functionalized, bearing combinations of hydroxyl, O-
and N-sulfate, N-acetyl, carboxylates and, occasionally, free amine groups. Carboxylate
and sulfate groups lend the polysaccharides their anionic, water soluble character, but also
limit their solubility in most conventional solvents. Nevertheless, it is possible, to form
organic salts by neutralizing the acidic forms of polysaccharides (generated by treatment
with acidic cation exchange resin) with the hydroxides of tertiary or quaternary amines,
followed by freeze-drying to access alternative solvent systems. This was exploited widely
to carry out reactions in dimethyl sulfoxide (DMSO) and dimethyl formamide (DMF), but
other solvents can undoubtedly be explored using this approach. One example is ionic
liquids [36], which have enabled development of alternative protocols for the mass spec-
trometry of GAGs [37-39] and warrant wider investigation. Supercritical carbon dioxide
was also employed as a means of extracting extracellular material, including GAGs [40].
Methods for the removal of ionic liquids have been described for non-GAG carbohy-
drates, consisting of anhydrous ethanol washes and subsequent filtration, centrifugation
(provided that aqueous buffers are also involved), and the use of silica columns [41-43].
The modification of non-GAG carbohydrates in ionic liquids employs a variety of cation
and anion components, with a wide range of combinations available for the potential
modification of GAGs. Some have also been used previously to modify other charged
linear polysaccharides [44,45]. These novel solvents can also be recycled, allowing for
‘greener’ chemical modification protocols, although the potential toxicity of ionic liquids
need to be considered [46,47]. An additional novel replacement for dipolar aprotic solvents,
such as DMEF, dihydrolevoglucosenone (Cyrene), has been developed and recently tested,
although not yet with a carbohydrate starting material [48-50]. These areas are in their
relative infancy, but nevertheless hold promise and will be worth exploring in more detail.
Their distinct properties are likely to influence the reactivity of the GAGs through altered
hydrogen-bonding (both intramolecular and with the solvent), and the resulting changes
in conformation may be the cause of any differences in selectivity that are observed.

2.1. Modification of Sulfation Patterns

Sulfated polysaccharides play important roles in numerous physiological and patho-
physiological processes, including the coagulation cascade, viral transmission, and as
antioxidants [51]. Introducing or removing sulfate groups in polysaccharides leads to
different negative charge densities and resultant structure-property-activity relationships.
Thus, it is of interest both for basic study and for the development of new products. In
interpreting results from investigations of biological activities employing modified GAGs,
it should be borne in mind that conformational changes usually accompany the removal of
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sulfate groups [21]. The sulfate group, an analogue of sulfuric acid, carries an invariant
negative charge across physiological pH ranges, enabling it to bind electrostatically to posi-
tively charged biomolecules. It can interact with water molecules to increase and maintain
tissue hydration [52]. Some examples of the use of modified GAGs to probe biological
activities include studies of fibroblast growth factors [28], Alzheimer’s (3-secretase [53],
and the inhibition of viral invasion [54].

Regioselective sulfation and desulfation of naturally occurring polysaccharides and
their synthetic analogues is challenging [55]. Nevertheless, sulfation and desulfation pro-
cesses are both widely used to modify GAG structures and can be followed by subsequent
modifications, with the underlying aim usually being to alter, in some way, the biological
activity of the GAG.

2.1.1. Selective Addition of Sulfate Groups

The extent of GAG sulfation and, especially the sulfation pattern, plays an essential
role in determining their ability to bind to a wide range of biologically relevant proteins,
including growth factors, as was shown for sulfated HA and oversulfated CS towards
transforming growth factor-31 (TGF-f31) [56] and for oversulfated CS with neuronal growth
factors, respectively [17]. In the case of O-sulfation, the process involves derivatization of
the primary and/or secondary hydroxyl groups (with some level of control), an example
of which was achieved during sulfation of the capsular E. coli K5 polysaccharide [57].
Higher selectivity can be achieved for modifications at the primary hydroxyl groups of
glucosamines, while, in the case of N-sulfation, substitution of free amines is possible with
essentially complete selectivity [58]. N-sulfated, O-desulfated heparin (tributylammonium
salt) was regioselectively 6-O-sulfated by treating it with pyridine sulfur trioxide complex
(Py.SO3) in DMF at —10 °C for 1 h [59]. N-sulfated heparosan was also O-sulfated in
DMEF, employing a sulfur trioxide complex with pyridine under similar conditions, which
provided sulfation at position 6 of N-sulfated GlcNAc units together with some sulfation
of GlcA residues either at the O-2 or O-3 positions [60]. Sulfation through treatment with
sulfuric and chlorosulfonic acids (CSA) is another strategy, which is commonly applied
to increase the sulfate/carboxylate molar ratio; however, beyond overall sulfation, this
approach offers little regioselectivity and can cause depolymerization. To overcome this
drawback, Wang et al. developed a dimethylaminopyridine/N, N' dicyclohexylcabodiimide
(DMAP/DCC) catalyzed CSA sulfation method for polysaccharides [61].

Many studies have confirmed that the biological activities of polysaccharides can be
improved by GAG modification. For example, N-sulfated DS and CS showed inhibitory
effects on the TGF-31 gene [62], whereas over-sulfated heparins presented somewhat
reduced anticoagulant activity, while maintaining antithrombotic and lipase potential [63].
With increased sulfation, however, comes the risk of introducing other biological activities
or enhancing existing (possibly undesirable) activities, and even inducing the emergence
of new, unwanted biological effects. A stark reminder of the dangers associated with the
introduction of off-target effects is the contamination of pharmaceutical Hp supplies with
over-sulfated CS that, in 2007 and 2008, led to numerous deaths [64,65].

Polysaccharide sulfation in an aqueous solution under conditions sufficiently mild
to avoid rapid depolymerization, although conceivable, is likely to proceed slowly and
require longer times to achieve equilibrium [66]. A potential alternative may, again, be
ionic liquids, many of which are miscible with both water and organic solvents. These
also offer good solubility for polysaccharides and provide a homogenous reaction system.
A significant increase in both molecular weight and sulfur content was observed for
a GAG-like compound of marine origin, achieved with a one-step chemical sulfation
process using ionic liquid, i.e., 1-butyl-3-methylimidazolium chloride (BMImCI), as a
reaction medium, without undesired degradation of the polysaccharide backbone [67].
In this case, chemical sulfation provided a pro-chondrogenic effect and, when added to
a chondrogenic differentiation medium, it enhanced the chondrogenic differentiation of
mesenchymal stem cells, which is considered an attractive source of cells for cartilage
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engineering [68]. Moreover, in this process, the sulfation level could be modulated by
varying the temperature or the reaction time.

Some methods, taken from classical protecting group approaches for the synthesis of
small carbohydrates, were also applied to improve regioselective sulfation. For instance,
a 4,6 benzylidene acetal protection of glucosamine residues, followed by sulfation with
sulfur trioxide-pyridine complex in DMF and de-protection, afforded the development of
chondproitin sulfate-E (CS-E)-like compounds [69]. The combination of multi-step processes
can be applied to CS-A and CS-C to obtain different sulfation patterns. Benzylidene
ring installation and acetylation in a one-pot fashion, followed by oxidative benzylidene
cleavage, sulfation, and global de-protection, were also used to achieve 3-O-sulfation of
GlcA groups in CS compounds [70]. An additional possibility, as yet to be applied to GAGs,
is the pivaloyl protecting group. This group was used to enable regioselective sulfation,
employing pyr-50O3 in DMF, of another linear sulfated carbohydrate family, carrageenans,
to generate a panel of variously modified samples with applications analogous to those of
the GAGs. The subsequent deprotection and activated partial thromboplastin time (aPTT)
coagulation activity measurements of the variably sulfated carrageenan panel indicated
widely varying coagulation times similar, in some cases, to that of Hp [71].

When using DMF, microwave assistance during O-sulfation of a protected Hp disac-
charide reduced the processing times, from days to 1 h, and produced high reaction yields.
Rapid reaction times were also reported for protected Hp tetra- and hexa-saccharide, with
yields greater than 80% within 20 min [72]. Similar reaction times and high yields were
reported when using microwave-assisted pyridine and triethylamine solvent systems for
simultaneous O- and N-sulfation of Hp and heparan sulfate-like oligosaccharides with
trimethylamine sulfur trioxide as the sulfating agent [73].

In addition to direct GAG sulfation, analogous (but uncharged) groups can also be
added. An example from outside of the GAG field is cellulose derivatization. Sulphoethyla-
tion generates samples with increased viscosity, tensile strength, and pH stability compared
to pre-existing, carboxymethyl derivates. Sulphoethylation in 2-propanol solvated sodium
vinylsulphonate, sodium chloroethanesulphonate monohydrate, or sodium bromoethane-
sulphonate monohydrate, generated variable yields, with sodium vinylsulphonate proving
the most effective [74,75]. An interesting recent development is the application of tributyl-
sulfoammonium betaine (TBSAB) to achieve N- and O-sulfations of smaller molecules,
amino acids, and peptides [76,77]. It will be interesting to discover whether these can be
applied to GAGs.

2.1.2. Selective Removal of Sulfate Groups

It is well-established that modification of the sulfation pattern of GAGs alters their
biochemical properties. The reduction of the sulfation extent can provide benefits to
their biological potential; for example, selective 6-O-desulfation, but not 2-O-desulfation,
supports angiostatin activity by Hp [78]. Moreover, the O-desulfation process applied
to Hp- and HS-like sequences increases the anti-factor Xa activity of oversulfated GAGs,
sourced originally from E. coli [79], while N-sulfate and 3-O sulfate groups are crucial
for high anticoagulant activity. Exploring the desulfation process has allowed not only
analysis of the relation between the anionic groups and biological activity of GAGs, but
also enabled the identification of conditions that facilitate their selective removal and the
systematic study of the essentially complete substitution patterns in Hp, providing NMR
assignments for these Hp-derived structures [80] (Figure 2). The desulfation of CS was first
achieved using acidified methanol, proceeding via formation of the methyl ester, which
was subsequently cleaved in basic conditions to generate desulfated CS [81], an approach
which was also applied more recently [82].
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Figure 2. De-O and N-sulfation reactions in heparin, combinations which allow systematic modifica-
tion of the substitution patterns of heparin at I-2, A-6, and A-2 positions.

Regioselective de-N-sulfation can be achieved under reaction conditions that are mild
enough to avoid depolymerization [83]. De-O-sulfation, employing the same reagents,
requires a much more prolonged reaction at higher temperatures, particularly if complete,
or nearly-complete, de-O-sulfation is required [84]. These conditions, termed solvolytic
desulfation, typically involve heating the pyridinium salt of the GAG in dimethyl sulfoxide
(DMSO) in the presence of methanol or water. The method can be used to partially, or
progressively, de-O-sulfate the polymer, avoiding the concomitant depolymerization of
the chain. A similar approach was applied to oversulfated Hp to generate novel anticoag-
ulants [85]. A systematic study, using the pyridinium salt of Hp in a solvent mixture of
N-methylpyrrolidinone-water (NMP-H;0), was reported to achieve the highest selectiv-
ity of de-O-sulfation in glucosamine (at position 6) over iduronate (at position 2), while
avoiding polymer degradation and achieving complete de-N-sulfation [86]. Furthermore,
a recent study of Hp stability revealed that complete de-N-sulfation of this GAG can be
achieved in a purely aqueous medium [87]. Although the aqueous approach required a
highly acidic environment and a fairly high temperature (pH 1/60 °C), significant depoly-
merization of heparin was not detected. The drawback of this method, however, is the long
reaction time (24 h) required for complete N-sulfate removal. The same study suggested
that some level of de-O-sulfation selectivity is possible in acidic aqueous medium (at higher
temperature of 80 °C, however, this requires further investigation.

Strategies employing a silylating agent, such as N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA), were also used for regioselective de-O-sulfation.
These agents can cleave sulfates at the 6 position selectively and convert the primary
hydroxyl groups into trimethylsilyl ethers [88-93]. The specific 6-O-desulfation of low
molecular weight Hp provided compounds with increased inhibitory activity of erythrocyte
rosetting caused by the parasite Plasmodium falciparum, the causative agent of malaria, and
exhibited attenuated anticoagulant activities [94].

Although sulfate group removal at secondary hydroxyl positions is more challenging,
especially when selectivity between two secondary hydroxyl positions is required, a few
cases in the literature have been reported for a fucan and galactofucan from natural
sources [95,96], which suggests that some scope for this approach in GAG modification
may yet exist.

In Hp and HS, a ring closure reaction that proceeds by the formation of epoxides in
the iduronate 2-sulfate residue was exploited to achieve selective de-O-sulfation in IdoA2S
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residues [97,98], accompanied by some reduction in molecular weight. It is also possible to
generate Hp derivatives with epoxide at these residues using milder basic conditions [98],
which can then be employed for additional modifications through an attack of the epoxide.
Furthermore, epoxide groups can also be opened in aqueous media [99,100].

Starting from the epoxide derivative, the selective de-O-sulfation of iduronate can also
be achieved through additional treatment with a strong base [97]. On the other hand, by
treating the epoxide heparin with acid, unnatural « L-GalA residues can be generated in
which the stereochemistry at C2 and C3 is inverted with respect to & L-IdoA (Figure 3). It is
possible to control the extent of epoxide formation by employing limited basic conditions,
followed by epoxide ring opening in aqueous conditions, thereby permitting partial 2-de-
O-sulfation [100].

O-- 2,3 epoxide formed  O- - O--
“ooc ~ ~ooc 00C75h
OH o mild base NC) strong base o
0S0; OH
1 acid
a-L-idoA 2-O-sulfate a-L-idoA
_ oH ©
0O0C O--

HO  4LGaA

Figure 3. Reactions of 2-O-sulfated L-IdoA 2-sulfate in heparin and heparan sulfate under basic
conditions and subsequent opening in acid or base. Treatment in strong base creates de-O-sulfated
a L-iduronate residues, while treatment in acid generates « L-galacturonate residues involving
inversion of the stereochemistry at positions 2 and 3.

The strong basic conditions by which the direct de-O-sulfation of L-IdoA 2S residues
is achieved also modifies those glucosamine residues bearing both N- and 3-sulfation in
Hp via the formation of N-sulfated aziridine groups [101]. A derivative of Hp-containing
aziridine groups was also prepared from chemically modified (over-sulfated) Hp [102] and,
by analogy with the epoxide derivative above, potentially allows for the preparation of a
wide range of derivatives or subsequent modifications.

While discussing Hp modification through basic treatment, it is worth noting some
additional modifications that could occur at the reducing terminus in material subjected
to these conditions. For example, the alkaline hydrolysis of Hp (benzyl ester), during the
reduction of N,6-sulfated glucosamine residues, may result in the appearance of two bicyclic
structures, i.e., 1,6-anhydro glucose and mannose, located at the reducing terminus of the
polymer. The base-catalyzed epimerization of reducing sugars has long been known (the
Lobry de Bruyn-van Eckenstein rearrangement) and an analogous process was reported
for glucosamine residue (GIcNS(6S)) [103], the basic treatment of which resulted in the
appearance of 2-deoxy-6-O-sulfo-2-sulfamino-D-mannose. A similar reaction was reported
to occur in N-acetylated units (GlcNAc) [104].

Controlled 2-O-desulfation can be combined with periodate oxidation (glycol splitting)
of non-sulfated uronate residues, which induces further conformational degrees of freedom
by generating rotatable bonds within the Hp chains. Since the glycol splitting reaction
also modifies the essential GlcA residues at the active site for antithrombin, the products
lose most of the anticoagulant activity of the original Hp, while other biological activities
are either retained or modulated, depending on the extent of 2-O-desulfation and glycol
splitting. These combined chemical modifications were employed to modulate heparin-
growth factor binding and associated biological activities [105].
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The complete 6-O-desulfation of intact Hp was also achieved using N-(tert-butyl
dimethylsilyl)-N- methyl trifluoroacetamide (MTBSTFA). This procedure improved the
enzyme digestibility of products, overcoming the disadvantage of the low digestibility
of 6-O-desulfated Hp, generated by other procedures (silylating reagents such as (N,
O-bis(trimethylsilyl)acetamide (BTSA)). The resulting enzymatic digestibility of the com-
pletely 6-O-desulfated Hp returned to levels similar to those observed for intact Hp [91,106].

2.2. Modification of Acetylation

Generally, N-acylation derivatizations of GAGs are based on the use of anhydrides
as acylating agents. N-acylation, most commonly N-acetylation, is readily achieved using
acetic anhydride in mildly basic aqueous conditions, such as sodium hydrogen carbonate
(reviewed; [106]) and was also applied to de-N-sulfated Hp using propionic and butyric
anhydrides to generate the respective N-acyl derivatives [107]. Microwave irradiation was
also used to form O-sulfated, N-acetylated Hp in a one-pot reaction using trimethylamine
sulfur trioxide in a solvent system of trithylamine and pyridine, followed by acetic anhy-
dride. This gave a 90% yield of the protected O-sulfated, N-acetylated material, which was
then de-protected [73]. Replacing acetic anhydride with alternative acyl precursors could
enable the rapid generation of other N-acylated heparin derivatives. N-hydroxysuccinimide
esters in a solvent mixture of DMSO and saturated aqueous sodium bicarbonate can also be
used to generate Hp products with amides bearing aromatic residues [108]. The challenge
of solubilizing GAGs in suitable organic solvents has generally precluded the use of acyl
chlorides as acylating agents. A further consideration is the susceptibility of N-sulfates to
acid hydrolysis; on the other hand, their very susceptibility can be exploited to provide
deliberate desulfation and allow subsequent N-acylation. Modifications of amino groups in
HS/Hp, whether native or introduced via de-N-sulfation, have been exploited to prepare a
variety of N-acyl Hp and/or partially de-N-sulfated Hp derivatives, followed by reaction
with N-acylating species for the introduction of fluorescent tags, including fluorescein,
coumarin, the dansyl group, and rhodamine B [4,109]. An HS analogue, modified at the
principal positions of O-sulfation and N-sulfation, followed by acetylation, was found to
regulate the processing of the amyloid precursor protein by the Alzheimer’s [3-secretase
(BACE-1) and exhibited activities against two other structurally related aspartyl proteases
(cathepsin-D and renin), along with low anti-Xa activity [53].

Alternative reagents could be applied to reduce the probability of concomitant N-
desulfation. A mild acylating method for amines, utilizing iodine catalysis, solvent-free
acetic anhydride, and other acetylating agents, was proposed by Phukan et al. following
the work of Field et al. on O-acetylation [110]. This method, which employs iodine catalysis
to quantitatively N-acylate amines under solvent-free conditions at room temperature [111],
was also used to generate fluoroacetylated derivatives of Hp for 1F NMR studies [112].
Ionic liquids were used for cellulose derivatization, particularly acetylation using 1-ethyl-
3-methylimidazolium acetate [113]. This method could provide an approach to the O-
acetylation of GAGs.

Other approaches for selective O-acylation of carbohydrates, which could be applied
to generate O-acylated GAG derivatives [114,115], have been developed. Although such
structures are not known to exist naturally, heparin and Hp fragments can be specifically
O-acetylated by the use of tetrabutylammonium or tributylammonium salts of the anionic
polysaccharides, carboxylic acid anhydrides, and 4-dimethylaminopyridine in DMF [116].
O-acylation, achieved by O-butyrylation or O-hexanoylation of depolymerized Hp frag-
ments, provided products with very low anticoagulant effects in vitro, but high activity
against both human immunodeficiency viruses-1 and -2 (HIV-1 and HIV-2) induced cyto-
pathic effects, without cytotoxicity [117]. Moreover, a peptide selected from a library was
used to catalyze selective O-acylation of glucopyranosyl derivatives at C3 (97:3 selectivity
at C3 versus C4) [118]. Furthermore, high selectivity and yield were reported for organocat-
alytic regioselective acylation at C4 of octyl-a D-glucopyranoside. High selectivity was
also obtained with chloroform as a solvent, but this required the presence of a hydrophobic
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substituent on the carbohydrate to ensure solubility [119]. In the case of GAGs, solubility
in such non-polar solvents can be provided through the formation of organic salts, using
tertiary or quaternary amines, or by previous protection.

Other acylation methods were used on variously protected monosaccharides, which
potentially could be applied to GAGs. For example, O-acylation of 1-methyl protected
galactose, using an acylating agent containing cyanide counter ions, generated an apparent
preference for axial hydroxyl groups [120]. The organic solvent system employed would
require tertiary or quaternary amine GAG salts to be formed prior to modification, or
alternative solvents to be identified. Dibutylstannylene-mediated modifications could
also be applied to GAG modification, with the prior de-sulfation in some family members
a necessity to provide vicinal diols. Using dibutylstannylene for acylation was shown
to be highly regioselective with high yields and reaction times around 12 h [121]. Sup-
plementing dibutylstannylene acylation with microwave irradiation drastically reduced
this reaction time to the order of 15 min. The resulting acylation occurred as a mixture
of 2-0, 3-0O, and 2,3-O modified monosaccharides, with prior primary hydroxyl protec-
tion; some unmodified carbohydrate remained when using either toluene or acetonitrile
solvation [122].

De-N-acetylation, which is a form of amide hydrolysis—a notoriously difficult reaction—
is achieved conventionally by cleaving the amide bonds using harsh basic conditions with
limited functional group tolerance [123] and, alongside de-O-sulfation, is likely to result in
considerable reduction in the polysaccharide chain length. A notable advance in this regard
was made by Shimizu et al., who developed ammonium salt-catalyzed hydrazinolysis
of inactivated amides that is capable of cleaving N-acetyl groups from the amino sugar
derivatives under microwave irradiation [124]. This result and preliminary work in the
authors’ laboratories suggested that a similar methodology could be used to accomplish
selective N-deacetylation of GAG structures (Figure 4). A method for the cross-linking
of chitosan via free amino groups using a cross-linker was published, which may also be
promising for GAGs [125].

OR  OR

OR OR hydrazine hydrate,
ammoniumiodide o

o _— O~ -

o™~ o
o y NH,
y _NH
0=C_ ~
CH,4 R =H or SO;

Figure 4. Potential selective de-N-acetylation of 3-D-galactosamine in CS or DS achieved using
hydrazine hydrate with ammonium salts as catalysts.

Chitlac, containing a chitosan backbone to which lactitol moieties can be chemically
inserted via a reductive N-alkylation with lactose [126], interacts with galectin-1, making
it relevant to the production of biomaterials. Quaternization of chitosan increases its
water solubility and can be achieved directly on the free amine or by introducing an
acryl chain, containing a quaternary ammonium group on to the amine of chitosan, by
Michael addition.

2.3. Oxidation and Reduction Reactions

Oxidized Hp preparations can be obtained using periodate, which acts on cis-diols,
and more extensively oxidized samples can be attained by prior de-O-sulfation of iduronate
2-sulfate residues to generate additional cis-diols. Cleavage of the polysaccharide chain
to generate fragments can be achieved by reduction, followed by acid hydrolysis [127].
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It was employed to depolymerize heparin, including cleaving the antithrombin binding
site [128]. Alternatively, periodate oxidation and reduction without subsequent hydrolysis,
which generates stable products that maintain the molecular weight of the polysaccharide,
was used to investigate the effect on anticoagulation, since the antithrombin binding site
contains a GlcA residue with a susceptible cis-diol [129]. Periodate oxidation carried out
on selectively de-sulfated heparin, including a graded series of N-acetylations, generates
fragments termed ‘glycol-split heparins’ that maintain their ability to inhibit heparanase,
but with attenuated anticoagulant activity [130]. Furthermore, an Hp derivative, obtained
after exhaustive periodate oxidation, showed anti-HIV activity and a safety ratio (arbitrary
units of anti-HIV activity per anticoagulant international unit) 48-fold better than standard
Hp [131]. From the biotechnological point of view, these data suggest that periodate
oxidation may be an interesting choice for producing Hp derivatives with low anticoagulant
activity, while minimizing the loss of other biological properties.

Alekseeva et al. showed that oligosaccharides from enoxaparin (a low molecular
weight Hp) can be split, not only at the level of internal non-sulfated uronate residues, but
also at their reducing end amino sugar residues; in particular, at the terminal N-sulfated 1,6-
anhydro mannosamine residues that are formed during the production of low molecular
weight Hp under alkaline conditions (Figure 5) [132]. The kinetics of this process are much
slower than glycol splitting of non-sulfated iduronate [133].

D-mannosamine D-glucosamine
? i
(o) (o)
N
OH ITI SO, OH
o o)
/ 1 _
R (i) periodate oxidation R NHSO,
(ii) reduction
o No reaction
o
o
/ CH,0H CH,OH
R

Figure 5. Terminal 1,6-anhydro-D-mannosamine residues (upper left) formed during depolymer-
ization under basic conditions, during enoxaparin manufacture, are oxidized by periodate to cleave
the carbon to carbon (C2-C3) bond. The aldehydes formed can be reduced further to alcohols
(lower right). Terminal 1,6-anhydro-D-glucosamine residues (upper right) in enoxaparin are not
susceptible to periodate oxidation.

This result will be useful to optimize the preparation of glycol-split low molecu-
lar weight heparins. If oxidation of the 2,3 cis-diols of iduronate residues is required
in HS/Hp, preliminary 2-de-O sulfation, to generate vicinal diols through an epoxide
intermediate [97], allows the modification to be achieved to a higher extent, and is sus-
ceptible to further modification, such as reduction or reductive amination [100]. Heparin
derivatives involving the periodate cleavage of 2,3 vicinal diols in non-sulfated uronate
residues (glycol-split), and the substitution of N-sulphamido with N-acetamido groups in
glucosamine residues, were found to be capable of inhibiting neutrophil elastase activity
in vitro, interacting with interleukin 8 (IL-8) and tumor necrosis factor « (TNF-«), while
exhibiting attenuated anticoagulant properties [134]. Glycol-split GAG derivatives could
provide a platform from which improved therapeutic agents with different applications,
including anti-inflammatory agents, might be developed. The vicinal 2- and 3-hydroxyl
groups of the iduronate residues of 2-de-O-sulfated heparin can be oxidized to dialdehydes,
followed by Pinnick oxidation (conversion of aldehydes to carboxylic acids by sodium
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chlorite in mild acid). The resulting carboxylated heparin is endowed with heparanase
inhibitory and anti-tumor activities [130].

Oxidation was also reported for CS and DS polysaccharides and was directed both
to the primary hydroxyl group of GalNAc, as well as periodate oxidation of vicinal diols
to the corresponding aldehydes [2]. The resulting aldehyde functions can then cross-link
the amino-bearing side-chains of lysine, or other amine residues, to generate non-toxic
and blood-compatible hydrogels with biological applications [135,136]. The secretion of
GAG:s, such as CS by fibroblasts, are a crucial phase of wound healing, which allows for
the formation of a hydrophilic matrix suitable for remodeling during healing. This class of
hydrogels, prepared from CS-like molecules, has the potential to act as wound dressing
materials [136].

Additionally, oxidation of the GalNAc primary alcohol in CS-A or -C was reported
via the formation of a C-6 aldehyde on GalNAc4S, with the elimination of the sulfate
group at position O-4 to provide «, 3-unsaturation. This can be achieved by employing the
4-acetamido- (2,2,6,6-tetramethyl-1-piperidinyloxy) TEMPO radical and aqueous sodium
chlorate [137]. The most widely used oxidation reaction for CS, however, is the functional-
ization of aldehyde in the CS backbone, generated by periodate cleavage. An example of
its subsequent use is cross-linking by employing hydrazides [2]. Panagos et al. reported
oxidation of a trisaccharide with a GalNAc4S reducing end to N-acetylgalactosaminic
acid [138].

Oxidation involving TEMPO protocols were used for primary hydroxyl oxidation on
GIcNACc residues in HA, amongst various carbohydrates, and have the potential for use on
the primary hydroxyl groups in other GAGs. A number of methods exist using different
co-catalysts with sodium hypochlorite (reviewed; [139]). One approach employed a combi-
nation of sodium hypochlorite and sodium bromide to return reduced TEMPO to the active
oxoammonium ion form following carbohydrate oxidation [140]. A subsequent method
developed without sodium bromide, at the increased temperature of 20 °C, maintained
comparable reaction rates without losing specificity for the primary alcohol [141]. Such
small molecule catalysts were also replaced by laccase enzymes to facilitate the regeneration
of an oxoammonium cation during cellulose oxidation [142]. The laccase/ TEMPO method
has additionally been used to oxidize arabinoxylan, as well as guar galactomannan and
konjac glucomannan, however, it has not yet been applied to GAGs [143]. The effect of
reactive oxygen species on a range of GAGs were also investigated, but the consequences
included depolymerization, de-sulfation, and oxidation [144].

During an investigation of acidic fibroblast growth factor (FGF-1) activity, the reduc-
tion of carboxylate groups to the primary alcohol was correlated with an impaired ability
to bind to the cell surface receptor [145].

2.4. Other Modifications
2.4.1. Amination

Carbohydrate amination, or the addition of an amine group, was studied in connection
with bacterial immunogens and cancer vaccines due to their ability to form direct protein-
carbohydrate conjugates [146]. Their biomedical importance can also be coupled with
variations in physico-chemical properties and potential applications in drug delivery and
food production [147]. Native amino groups present in GAG family members, usually
either N-sulfated or N-acetylated, can be converted to their unsubstituted form using the
de-N-sulfation and de-N-acetylation methods reviewed above. The reductive amination of
oligosaccharides, using a sodium cyanoborohydride aminating/reducing agent in aqueous
buffer, has been used to prepare aminated GAG mimetics and carbohydrate precursors for
protein conjugation [146,148]. An alternative amination method, previously reported for
hemicellulosic xyloglucan, was performed in aqueous buffer utilizing an ethylene diamine
aminating agent [147].

The aldehyde group at the reducing end of GAGs was often used in reductive ami-
nation to conjugate it with other molecules. Aldehydes can also be created by periodate
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oxidizing vicinal 2,3 hydroxyls of uronic acid in Hp, and this approach was used to connect
a biotinylated compound to improve the pharmacokinetic/pharmacodynamic profile [149].
An aniline-catalyzed reductive amination, in preparation of reducing an end-clickable
chito-oligosaccharide, was also reported [150].

2.4.2. Phosphorylation

GAG phosphorylation was reported on the protein linker region of amino acid linked
xylose residue as discussed in the introduction, yet little research has been performed on
the potential phosphorylation effects throughout GAG chains. Xylose phosphorylation
prevents galactosyltransferase activity during biosynthesis, but phosphorylation along
the length of a GAG chain may lead to different protein interaction and physico-chemical
properties [151]. It should be noted, however, that the different properties of the salts of
phosphates, compared to sulfates, may render such derivatives poorly soluble, particularly
their divalent cation forms. Nevertheless, numerous publications have described the phos-
phorylation of non-GAG carbohydrates, resulting in increased protein adsorption [152], as
well as anti-viral [153] and anti-oxidant properties [154,155]; thus, further application to
GAGs may be warranted.

A chitosan O- and N-phosphorylation method was outlined using a DMF-urea solvent
system at high temperature, with phosphoric acid acting as the phosphorylating agent [156].
While this method provided a potential route for GAG phosphorylation, certain family
members would require prior desulfation. Alternative methods, which replaced phosphoric
acid with phosphorus pentoxide in methane sulfonic acid, enabled the reaction to be run
at 0-5 °C without the use of organic solvents, and these methods were applied to modify
both chitin and chitosan [157,158]. Additionally, microwave irradiation was applied to
chitosan N-phosphorylation when dissolved in acetic acid with the dropwise addition of
phosphoric acid, resulting in N-phosphorylation [159].

2.4.3. Derivatization of Carboxylates

The activation of the carboxylate groups of uronate residue can also be used to gen-
erate derivatized GAGs. The derivatization of carboxyl groups through the formation of
activated esters, for example, using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
derivatives and amide formation following a reaction with an amine-containing reagent (la-
bel, cross-linker, or protein), can be used. This approach is also potentially feasible for other
nucleophilic functional groups, such as hydrazides or oximes (reviewed; [160]. The car-
boxyl group could also be activated by triazine derivatives [161] and an alternative condens-
ing agent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM)
is commercially available. D’Este et al. compared DMTMM to EDC/N-hydroxysuccinimide
(NHS) activation chemistry for HA ligation using an array of substrates, including small,
large, and functional molecules. For all the substrates tested, DMTMM was more efficient
than EDC/NHS for ligation of amine to HA [162]. HA was conjugated with folic acid
(FA) via a reduction-sensitive disulfide linkage to form a HA-grafted polymer (HA-ss-FA),
which was used as a nanocarrier for a dual-CD44 and FA receptor-targeted delivery system
for anti-tumor drugs [163].

Studies showed that hydrogels, prepared by reacting the carbodiimide/N-
hydroxysulfosuccinimide (EDC/s-NHS)-activated carboxylic acid group of Hp with
amine functionalized four-armed (star-shaped) poly(ethylene glycol) (starPEG), were able
to effectively stimulate angiogenesis of human endothelial cells and the differentiation
of human mesenchymal stem cells, by promoting the delivery of vascular endothelial
growth factor and bone morphogenic protein-2, as well as non-covalent binding of soluble
mitogens such as FGF-2 [164,165]. These materials present similar mechanical properties
to the physical conditions of different tissues, ranging in elasticity from brain to osteoid
tissue, presenting a valuable biotechnological resource for neurodegenerative diseases.

It was also shown [166] that esterification of carboxylic acids can be achieved using
1-mercapto-11-undecanoic acid. The activation requires higher concentrations of carbodi-
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imide and NHS, as well as longer reaction times, but it is more stable and less prone to
form N-acylurea derivatives [167].

Toida described a method for producing alkyl-esterified GAGs [168]. The method
comprised of reacting a trialkylsilyldiazoalkane with HA in DMSO and methanol. Alkyl-
esterification takes place at the carboxyl groups and can be either partial or total. In
another report, the methyl ester of low molecular weight hyaluronan was prepared using
trimethylsilyl diazomethane [169]. Methyl esters of hyaluronate are more stable to enzymes
such as hyaluronidase and methyl esterase. In addition, the hydration properties of the
new compounds are more favorable than the native HA [169] and, for this reason, are
employed in cosmetics.

2.4.4. Derivatization of Hydroxyl Groups

The alkylation in water of the O-3 and O-6 positions of Hp GlcN units in the presence
of NaOH, with (3-chloro-2-hydroxypropyl) trimethylammonium chloride as the alkylating
agent, was reported [170]. These conditions allowed etherification of such positions with
the attachment of the cationic trimethylammonium-2-hydroxypropyl (TMAHP) spacer.
Alkylation could also be used to increase the solubility of the GAG polymer in organic
solvents. Highly soluble carboxymethyl chitosan was obtained through an alkylation
process, which employed monochloroacetic acid and sodium hydroxide under optimized
conditions [171]. The synthesis of alkylated and fluoroalkylated semi-synthetic GAGs are
useful in a number of therapeutic and cosmetic applications and for the potential treatment
of inflammatory diseases and skin disorders. Several pharmaceutical compositions contain-
ing alkylated semi-synthetic GAGs are currently used to treat inflammatory degenerative
diseases [172-174] making this modification an important tool for the pharmaceutical
industry.

O-methylation was applied to sulfated GAGs. Standard methylation procedures
employ methanol and sodium hydroxide [175]. Recent refinements to the analysis of
GAG oligosaccharides, which presents challenging solubility in DMSO, include those
introduced by Huang, Pomin and Sharp, who proposed using reduced CS hexasaccharides,
converted to their triethylamine (TEA) salts, resuspended in anhydrous NaOH in DMSO,
followed by the addition of iodomethane [176]. Hu and Borges also created an efficient
procedure for the permethylation of glycans, by again using DMSO and iodomethane, but
it relied on testing the water content during the procedure [177]. An alternative, rapid
iodomethane-based methylation method for carbohydrates enabled permethylation in as
little as 6 min, depending on the base and solvent system used, with high yields [178].
Methylated derivatives are particularly useful for glycosyl-linkage characterization, with
linkage positions being determined from monosaccharide GC-MS retention times and mass
spectrometry [179]. This approach could be invaluable if applied to the characterization of
novel GAGs with unusual or hybrid structures.

Two classes of phenolic compounds with potential pharmaceutical applications,
flavonoids and gallates, include a wide variety of functional groups that could be used
for GAG modification. These derivatives have exhibited anti-microbial and anti-cancer
properties, alongside apoptosis induction and lipid membrane damage [180-182]. Tri-N-
methyl chitosan O-modification via gallic and caffeic acid addition were also reported,
involving a prior step to transform these modifying groups into their chloride form. The
products of gallic and caffeic acid grafted onto tri-N-methyl chitosan resulted in degrees of
substitution of 0.75 and 0.72, respectively [183]. Reactions in aqueous solvents were also
used to generate carbohydrate O-modification via flavonoid addition when employing
ascorbic acid and hydrogen peroxide as an initiator system [184].

A method similar to that described for microwave irradiation assisted carbohydrate
acylation was described for the regioselective alkylation of galactosides. This method could
be applied to GAGs, however, the requirement of a vicinal diol to facilitate dibutylstanny-
lene interaction necessitates prior de-sulfation if used for certain GAG family members.
Using this microwave assisted protocol, alkylated products can be generated with yields



Molecules 2021, 26, 5211 15 of 22

ranging from 45-86%, depending on the compound added, within 20 min [185]. Ad-
ditionally, treatment of CS with PEG-diglycidyl ether in aqueous NaOH generated CS
cross-linking hydrogels that were evaluated as drug-delivery vehicles. This reaction pro-
ceeded by a non-regioselective attack of both GalNAc and GlcA hydroxy groups of CS-A
and C on the epoxide rings of PEG-diglycidyl ether [60].

3. Concluding Remarks

Following any GAG muodification, it is essential to be able to assess the extent and
position of the structural change and, to do so, the preeminent method remains NMR spec-
troscopy. Extensive data exists for several GAGs, including CS [186-188] and Hp/HS [80,189].
Owing to their ability to modulate many biological functions, the breadth of available struc-
tural modifications for carbohydrates has expanded and here, alongside more established
techniques, some less conventional reactions have also been reported for polysaccharide
derivatization that may have future application to GAGs.

When interpreting the results of investigations of biological activity employing modi-
fied GAGs, it is also important to consider the potentially complex changes in the confor-
mation of the individual residues, particularly iduronate, altered glycosidic bond angles,
and the resulting overall polysaccharide characteristics [21]. These features are difficult to
assess and lie at the forefront of current spectroscopic and molecular simulation research
into the GAGs.

A wide range of biological activities have been investigated using modified GAGs,
but this number is likely to expand rapidly in the near future. Their scientific usefulness
was highlighted in recent investigations on the role of GAGs in viral infection [54] and their
potential to be applied to numerous medical and biotechnological challenges is becoming
the focus of renewed attention [1].

From this survey, several recent advances are worth highlighting: the improved meth-
ods for the removal of N-acetyl groups, cleaner and more reliable sulfation procedures,
and an improved understanding of some of the conformational consequences of GAG
modifications that are emerging from detailed spectroscopic investigations will all enable
progress to be made. Chemically modified GAGs have established themselves as a valu-
able component of the experimentalist’s arsenal with which to investigate GAG-protein
interactions and biological activities, and are set to continue to make valuable contributions
that complement parallel advances in protein structural prediction and bioinformatics
approaches.
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