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Abstract: Heparin is widely recognized for its potent anticoagulating effects, but has an additional
wide range of biological properties due to its high negative charge and heterogeneous molecular
structure. This heterogeneity has been one of the factors in motivating the exploration of functional
analogues with a more predictable modification pattern and monosaccharide sequence, that
can aid in elucidating structure-function relationships and further be structurally customized to
fine-tune physical and biological properties toward novel therapeutic applications and biomaterials.
Alginates have been of great interest in biomedicine due to their inherent biocompatibility, gentle
gelling conditions, and structural versatility from chemo-enzymatic engineering, but display
limited interactions with cells and biomolecules that are characteristic of heparin and the other
glycosaminoglycans (GAGs) of the extracellular environment. Here, we review the chemistry and
physical and biological properties of sulfated alginates as structural and functional heparin analogues,
and discuss how they may be utilized in applications where the use of heparin and other sulfated
GAGs is challenging and limited.
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1. Introduction

Glycosaminoglycans (GAGs) are a group of negatively charged linear polysaccharides found in
virtually all animal tissues. The majority of GAG subtypes are associated with the plasma membrane
via a protein core, referred to as proteoglycans, and are key components of the extracellular matrix
(ECM) in providing structural support and hydration. The sulfated GAGs have additional vital roles
in the development, maintenance, and pathophysiology of mammalian tissues, and may serve as
receptors, co-receptors, and reservoirs through electrostatic interaction with proteins. Heparin differs
from other GAGs in that it is primarily produced by mast cells, and is released from storage granules
into the extracellular space by exocytosis. Heparin is a potent anticoagulant, and is widely used
in the clinic as an intravenously administered blood thinner and as a coating material for medical
devices. While structurally related to heparan sulfate (HS), heparin undergoes a greater degree of
enzymatic modification during synthesis, resulting in highly diverse biological activities. Heparin has
the highest sulfation degree of the GAGs, and a higher charge density than any known biopolymer,
thus associating with a plethora of proteins including coagulation factors, growth factors, cytokines,
adhesion proteins, and pathogen-related proteins.

The use of heparin for other biomedical applications than anticoagulation is however limited,
partly due to rapid turnover in biological systems and risks of excessive bleeding upon administration.
Heparin has a high degree of heterogeneity in its monosaccharide sequence and modification pattern,
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depending on the source, and has few options for structural customizability. This complicates tuning
of the drug’s efficacy, as well as the characterization of biological activity and structure-function
relationships required for exploring new potential applications. An additional aspect regarding
widespread use of heparin is concerns regarding safety and sustainability in its production, as the most
widely used derivatives of heparin are isolated from animal tissues [1]. For these reasons, over the last
few decades numerous heparin derivatives and analogues from natural sources, chemical synthesis,
and chemical and/or enzymatic functionalization of polysaccharides have been described [2–5]. Some
of the heparin analogues described in the literature aim to emulate the anticoagulant properties of
heparin, to provide more sustainable and safe drug manufacturing and/or allow greater control
over pharmacokinetic and –dynamic properties. Others are directed toward novel pharmaceutical
applications or as components in biomaterials, where the physicochemical properties and highly
specific anticoagulating action of heparin pose limitations.

This review aims to present current knowledge and studies on sulfated alginates as novel heparin
analogues, based on the authors’ own work and the available recent literature. We further wish to
discuss future directions of this research, as well as areas of application where sulfated alginates can
potentially provide a viable alternative to heparin or other sulfated GAGs and derivatives.

1.1. Heparin Molecular Structure and Physical Properties

Heparin and heparan sulfate are synthesized as alternating copolymers of 1Ü4-linked
N-acetylglucosamine (GlcNAc) and glucuronic acid (GlcA). During synthesis, the nascent chain
is modified by a series of enzymes in the Golgi apparatus, namely N-deacetylase-N-sulfotransferases,
C-5 epimerases, and 2-O, 3-O, and 6-O sulfotransferases [6]. Epimerization of GlcA into iduronic
acid (IdoA) confers structural flexibility to the polysaccharide chains, in that IdoA can assume one
of three stable conformations (4C1, 1C4, or 2S0) depending on the modification pattern and induced
effects upon protein interaction [7]. The expression of tissue-specific isozymes [8,9] and varying
combinations of modifications confer a high degree of structural complexity and variability to heparin
and HS, requiring a great effort for their functional and structural characterization. Heparin has a
higher degree of sulfation and epimerization compared to HS, where the trisulfated disaccharide
IdoA2S-GlcNS6S (Figure 1) constitutes 60–85% of the heparin chain, depending on the source [10,11].
However, there are no repeating sequences in heparin as the trisulfated disaccharides are interspersed
by undersulfated residues of varying lengths. Heparan sulfate exhibits long unmodified regions
between heparin-like motifs with high sulfation and epimerization degrees [12]. Epimerization of
GlcA to IdoA has been demonstrated in vitro, using Glucuronyl C5-epimerase isolated from bovine
tissue and the K5 capsular polysaccharide (GlcA-GlcNAc) [13]. To the authors’ knowledge, only one
prokaryotic GlcA C5-epimerase has been identified and utilized for in vitro epimerization of K5. As the
activity of the enzymes was relatively low, the results indicated that the native substrate differs from
heparin and HS-like polysaccharides [14]. Of note, in vitro epimerization of GlcA is readily reversible,
in contrast to the reaction in vivo due to subsequent O-sulfation following epimerization [13,15].

Commercial heparin is generally classified as unfractionated heparin (UFH, ~15 kDa), low molecular
weight heparin (LMWH, ~6 kDa), or ultra-low molecular weight heparin (ULMWH, <2 kDa), where
the most common ULMWHs are chemically synthesized oligosaccharides including the antithrombin
(AT)-binding region [16]. Whereas chemical synthesis of heparin has had major limitations in terms of
oligosaccharide length, recent advances have demonstrated production of up to 40-mers by iterative
homologation of tetrasaccharides [17]. However, this approach generates repeating sequences, which
are not found in native heparin.
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Figure 1. The prevalent disaccharide structure in heparin.

1.2. Biological Properties of Heparin and Structure-Function Relationships

Heparin has potent anticoagulating properties and has widespread use in the clinic as an intravenously
administered drug and as a coating material on medical devices. Its anticoagulating effect is primarily
mediated by highly specific binding and activation of antithrombin, which in turn inactivates several
proteases of the coagulation cascade, namely thrombin and Factors X, IX, XI, and XII [18].

Furthermore, heparin has demonstrated anti-inflammatory effects, presumably by multiple
functions due to its broad substrate affinity. For instance, heparin has long been known to bind
complement factors, where its anti-coagulating effects can supplement this effect through cross talk
between the complement and coagulation pathways [19,20], as well as pro-inflammatory cytokines [21].
Binding of heparin to these proteins can exert an inhibitory effect through preventing receptor
interaction, conformational changes, or proteolytic cleavage. An additional postulated mechanism is
the binding of heparin to P- and L-selectins, inhibiting interaction with endothelial proteoglycans and
thus adhesion and extravasation of leukocytes [22]. Heparin has also been evaluated as a potential
antiviral drug due to association with viral capsule proteins [23]. Heparan sulfate and other GAGs on
the cell surface can be utilized as a receptor for pathogens initiating adhesion and eventual cell entry,
where soluble heparin can serve as an antagonist [24].

Heparin has been demonstrated to bind a plethora of proteins with varying interaction strengths.
Asides from the well characterized AT interaction, the selectivity of heparin-protein interactions,
and whether specific sequences are “programmed” into the heparin chains, remains a controversial
subject. For a more comprehensive discussion of the topic, the reader is referred to the works
of Lindahl and associates [25,26]. As a relevant point to the present review, it is evident that
variance in monosaccharide sequences and modification patterns can have a large impact on protein
interaction strength, tied to optimal alignment for ionic interactions and van der Waals forces [7].
For example, Hu and co-workers generated a HS disaccharide library, demonstrating that only 4 out
of 48 disaccharides bind fibroblast growth factor-1 (FGF-1) with high affinity [27]. The presence of
IdoA has been demonstrated to be critical for the interaction strength to specific proteins, where
a large degree of chain flexibility can contribute to improved alignment between heparin and the
protein surface, compared to a more rigid polysaccharide with equivalent charge. For example, the 1C4

conformation forms a kink in the heparin/HS chain which greatly enhances FGF interaction, but is
not present in IdoA-containing dermatan sulfate due to the different interspersed monosaccharides
and linkage patterns [28]. Studies have also shown the effect of various sulfation patterns in heparin
on binding to P and L-selectins, revealing that 6-O-sulfation is critical for interaction with both
selectins [29]. Furthermore, LMWH interacts less strongly with selectins compared with UFH,
indicating an additional dependence of chain length, or that critical structural patterns are disrupted
during fragmentation [30]. These examples emphasize that there are additional aspects beyond charge
density that influence the biological activity of sulfated GAGs, which must be addressed in the design
of functional analogues.
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2. Sulfated Alginates

2.1. Properties of Alginate

Alginates, in contrast to GAGs, are produced in brown algae (Pheaophyceae), where they serve as
structural polysaccharides, or in certain genera of gram-negative bacteria (Azotobacter and Pseudomonas sp.)
where alginates as exocellular polysaccharides confer different protective functions and virulence
factors [31]. Still, they share some structural features with heparin and heparin sulfate besides
all being linear uronans. Alginates are copolymers of 1Ü4-linked β-D-mannuronic acid (M) and
α-L-guluronic acid (G) (Figure 2), which are C-5 epimers of each other, analogous to GlcA and IdoA
in heparin/HS. Moreover, they are arranged in G-and M-blocks of various length interspaced with
regions of alternating sequences (MG-block) akin to the sulfate-, IdoA-rich and undersulfated GlcA-rich
regions(NS and NA domains, respectively) found in heparan sulfate [32]. Alginates form hydrogels
through ionic cross-linking with divalent cations such as calcium, where the gel properties are largely
influenced by the content and length of the G-blocks [33]. Alginate is synthetized as homopolymeric
mannuronan, which in a post-polymerization step is converted into alginate by C-5 epimerization,
similar to the GlcA→IdoA conversion in the biosynthesis of heparin and heparan sulfate. Due to
the action of these post-polymerization epimerases, both GAGs and alginate possess non-random
block sequential structures. Whereas the introduction of IdoA in heparin/HS provides conformational
flexibility significant for protein interactions, the main effect of epimerization in alginates is the
introduction of calcium binding G-blocks responsible for gel formation. The alginate-producing
bacterium Azotobacter vinelandii expresses seven exocellular epimerases (AlgE1-7), which have been
cloned and can be used to engineer alginates with compositionally homogeneous structures not found
in nature [34].

Figure 2. The structures and glycosidic bond conformations of β-D-mannuronic acid and α-L-guluronic
acid in alginates.

Of note, the AlgE4 enzyme can be used to introduce an alternating sequence (poly-MG), similar to the
basic backbone structure of heparin [35]. Enzymatic and chemical modifications of alginates have been
extensively described in previous reviews, illustrating a great structural and functional versatility [36,37].
Alginate has been evaluated for numerous biomedical applications, primarily due to their gentle
gelling conditions, including immunoisolation of cell transplants [38], slow-release systems [39],
in vitro tissue engineering [40], and 3D-bioprinting [41]. Purified alginates are relatively inert toward
cells and biomolecules, providing good biocompatibility but simultaneously discouraging favourable
interactions with cell receptors and vital soluble factors that are characteristic of glycosaminoglycans
in the extracellular matrix. Thus, great efforts have been made to functionalize alginates to provide a
biomimetic environment, while maintaining their biocompatibility and gelling properties. One such
strategy is by chemical sulfation, to emulate the structure of sulfated GAGs.
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2.2. Synthesis and Characterization of Sulfated Alginates

Multiple strategies have been described for chemical sulfation of alginates (Figure 3). Huang
and co-workers first employed chlorosulfonic acid (HClSO3) in formamide, resulting in a reported
degree of sulfation (DS) of approximately 1.2 sulfate groups per monosaccharide. As a means to
reduce the adverse effects from over-sulfation, the sulfated alginates were conjugated with quaternary
amine groups, allowing a controlled reduction of anti-coagulating properties [42]. We found that
the sulfation degree could be reproducibly tuned by varying the chlorosulfonic acid concentration,
but the DS was found to reach a plateau around DS = 1.0–1.2, depending on the monosaccharide
sequence and their relative solubility in acid [43,44]. Sulfation of dextran has been performed using
sulfur trioxide (SO3) in pyridine, which was reported to result in a more homogeneous substitution
compared with the HClSO3/formamide method [45]. This approach was used for alginate by
Mhanna and coworkers, using a tetrabutylammonium (TBA) salt of alginate to increase solubility
in pyridine [46], but was found to have challenges related to reproducibility of the sulfation degree
in following studies. An alternative strategy employs a carbodiimide-H2SO4 intermediate reacting
directly with alginate [47], or via the TBA salt of alginate in DMF [48]. One challenge with the described
methods is the strong acidic conditions used to obtain a high sulfation degree, resulting in partial
depolymerization of high-molecular weight alginates [47], whereas the relatively low solubility of
alginate in acid can reduce reaction reproducibility and throughput. Fan and co-workers reported
a novel strategy for the sulfation of polysaccharides under non-acidic conditions, obtaining a DS of
approximately 2 sulfates/monosaccharide at optimal conditions [49]. Although the authors of this
review were not able to sulfate alginates using the method as described, the procedure could have
a large potential for preventing depolymerization and allowing a DS approaching that of heparin,
if successfully established.

Figure 3. Published methods for chemical sulfation of alginate using different reagents [9,42,46,48].

The molecular structure of sulfated alginates has been characterized primarily by utilizing
Fourier-transform infrared (FTIR) spectroscopy, Nuclear magnetic resonance (NMR), and Mass
spectrometry (MS)-based methods. In the FTIR spectrum, sulfation of the hydroxyl groups in alginate
results in the appearance of a distinct peak corresponding to the symmetric stretching of the S=O
bond [42,48]. However, this method provides little qualitative data and cannot clearly distinguish
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substitution at C-2 from C-3, nor the M from G in alginate. NMR can provide detailed structural data,
but generates highly complicated spectra due to the heterogeneity in the substitution patterns and
monosaccharide sequences of sulfated alginates. We generated alginates with homogeneous sequences
(poly-M, poly-G, and poly-MG) with three specific degrees of sulfation using HClSO3, and employed
various 2D NMR techniques to assign the 1D 13C spectrum and identify the substitution pattern for
the distinct alginate sequences [43,44]. Consistent with previous studies, the sulfation followed a
random substitution pattern, indicated by the increase in spectrum heterogeneity at low sulfation
degrees [43]. Based on the NMR data, no apparent selectivity was found for the substitution of M/G,
or C-2/C-3. This was also found by Zhao and co-workers in an early study on low-molecular weight
sulfated guluronate, by NMR characterization [50]. Following this presumption, the sulfate groups are
evenly distributed along the polysaccharide chains and not organized in domains of varying density
(e.g., following alginate block sequences), in contrast with heparan sulfate [51]. The degree of sulfation
(DS) can thus be expressed as the average number of sulfates per monosaccharide, and determined by
biochemical methods or mass spectrometry-based elemental analysis [44,52].

Chemical sulfation of alginates results in a less heterogeneous substitution pattern compared
with natural heparin and heparan sulfate, as the sulfate groups are presumably equally distributed
between C-2 and C-3 of the mannuronic acid and guluronic acid moieties. This provides as mentioned
a relatively homogeneous charge distribution along the polysaccharide chain, which can contribute to
the study of structure-function relationships while reducing batch-to-batch variability. The published
methods demonstrate limitations in terms of sulfation degree, as the substitution is restricted to the
free hydroxyl group, while di-sulfated monosaccharides are presumably discouraged from steric
effects. The different substitution pattern and lower charge density of sulfated alginates can in
turn lead to more transient protein interactions, or the utilization of alternative interaction sites
compared with heparin/HS. Additional strategies for C-6 sulfation can therefore be explored to
emulate highly sulfated moieties [53]. Furthermore, monosaccharide-specific sulfation of alginate
would carry a substantial benefit, as sulfation of primarily mannuronic acid would allow unimpaired
cross-linking of guluronic acid blocks and a vast improvement in sulfated alginate gel strength and
stability. This is, however, yet to be demonstrated, as there are great challenges in discerning between
the monosaccharides chemically.

2.3. Chemical and Physical Properties of Sulfated Alginates

Introduction of a charged and relatively bulky substituent notably alters the chemical structure of
alginates, which is of great relevance to their inherent properties in solution and in ionically-crosslinked
hydrogels. Steric hindrance reduces rotation around the glycosidic bond, conferring a more extended
and rigid conformation in polysaccharides [54]. The sulfate groups can further promote intramolecular
charge repulsion, although this effect is reduced by the presence of sodium counter ions similarly to
the carboxyl groups of alginate and is presumably negligible compared with steric effects. The precise
effect of sulfation on alginate conformation in solution remains to be elucidated, and can be approached
utilizing homogeneous sequences of alginates that have previously been studied in terms of chain
extension and bond rotation [55]. The stiffness of the polysaccharide chain can influence interaction
strengths with proteins, and thus the biological properties of the polysaccharides.

Sulfation generally has a deteriorating effect on the gelling ability of alginates, where the
resulting gels have a lower stiffness and increased rate of swelling and destabilization compared
with unmodified alginate [46,56]. Negatively charged sulfate groups associate with divalent cations,
but disrupt the long G-blocks that are responsible for the cooperative binding of ions and forming of
cross-linking junction zones in the gel network, as described in the “egg-box” model [57]. In a recent
study, we characterized gels made exclusively from sulfated alginates with varying sulfation degrees,
as well as the effect of combining highly sulfated alginate (DS = 1) in unmodified alginate gels at
various proportions. Sulfated alginate alone (150 kDa) was found to form stabile gels with calcium
up to a sulfation degree of approximately 0.4, whereas increasing the sulfation level required either
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the inclusion of unmodified alginate or utilization of gelling ions with a higher affinity for alginate
(e.g., barium, strontium) [58]. An alternative strategy that has not yet been explored to the authors’
knowledge is covalent cross-linking between sulfated alginates, or to unmodified alginates, which can
be a feasible approach where a higher gel stiffness is required. As highly sulfated alginates presumably
only form transient cross-links within the hydrogel matrix, they diffuse out in the surrounding medium
upon swelling of the gels at a higher rate than unmodified alginate, particularly at low molecular
weight. Interestingly, a low amount (20%) of S-Alg mixed with unmodified alginate consistently
demonstrated decreased stiffness but a lower swelling potential in saline than the alginate control,
potentially due to a higher charge density, retention of gelling ions slowing the exchange with Na+,
and osmotic influx of water [58].

The use of heparin analogues in hydrogels are of great interest for encapsulation of cells and
proteins (e.g., in tissue engineering). Sulfated alginates demonstrate great potential with its inherent
gelling capability and has, similarly to native alginate, a great versatility in properties and gelling
conditions to allow the tuning of hydrogel characteristics toward specific applications. These include
enzymatic engineering to increase gel strength [34], and the utilization of alternative cross-linking
ions [59] and gelling techniques, for example, CaCl2 for immediate gelling versus CaCO3 and
glucono-δ-lactone GDL for a gradual release of calcium in injectable solutions and in situ gelation [60].

2.4. Effects of Sulfated Alginates on the Coagulation Cascade

As heparin is most widely known and used due to its potent anticoagulating properties, it is of
great interest to investigate whether similar effects can be achieved utilizing the structurally analogous
sulfated alginates. Huang and co-workers studied the activated partial thrombosis time (APTT),
thrombin time (TT), and prothrombin time (PT) in plasma, using sulfated algal alginates with an
approximate DS of 1.0 sulfate per monosaccharide. Although heparin was not included as a control in
the present study, sulfated alginates prolonged the APTT with increasing treatment concentrations
while showing no significant effects on the TT and PT [42]. Conversely, Ma and co-workers showed
a pronounced elevation of the TT increasing with the sulfation degree and concentration of sulfated
alginate, whereas no comparison with heparin was made. The authors further demonstrated a
procedure for coating a polyethersulfone membrane with sulfated alginate, resulting in prolonged
coagulation compared with the non-coated membrane [47]. By hydrolysis and separation, Li and
co-workers prepared low-molecular weight (6–7 kDa) alginates enriched in mannuronic acid or
guluronic acid, and studied the anticoagulating effects of their sulfated derivatives. Similarly to
the study by Huang, SA was found to increase the APTT compared to the saline control and the
non-sulfated alginates, whereas a two- and eight-fold greater effect was observed for LMWH and
heparin, respectively, at similar concentrations [61]. The results indicate that sulfated alginates may
inhibit the extrinsic coagulation pathway through binding and sequestration and/or prevention of
protease activity of upstream factors, but are unable to bind antithrombin selectively to inhibit tissue
factor (TF)-mediated activation of Factor X, and thrombin. Lacking AT activation was also evident
from the TT test where sulfated alginate was unable to prolong coagulation time in the presence of
excess thrombin. Heparin does not deactivate TF directly in vivo, but induces secretion of an inhibitor
(TFPI) from endothelial cells, resulting in a less pronounced effect on the PT in vitro [62]. To the
authors’ knowledge, the release of TF has not been demonstrated for sulfated alginates or similar
heparin analogues in in vivo models.

The mechanism behind the observed anticoagulating effects of sulfated alginates are still not clear,
whereas the presented research does not strongly support the specific antithrombin activation that is
characteristic of heparin. Presumably, the sulfated alginates non-specifically bind multiple coagulation
factors, having a partial antagonizing or deactivating effect on the proteases or indirectly through other
regulatory proteins (Figure 4). Alternatively, interaction outside the active sites may lead to aggregation
and sequestration of precursors such as fibrinogen, as proposed for other heparin mimetics [63]. As the
sulfated alginates were postulated to have a greater influence on the intrinsic coagulation pathway [42],
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interaction studies with individual coagulation factors can help further elucidate their effect on the
coagulation cascade, by indicating whether the interactions are largely non-specific or if there is a
selectivity for certain factors. Furthermore, platelet aggregation and activation are vital steps within the
coagulation cascade, and should be studied for hydrogels or surface coatings of sulfated alginates to
evaluate if they exhibit effects similar to heparin and other well-characterized heparin analogues [5,64].

Figure 4. Postulated effect of sulfated alginates on the coagulation cascade resulting in prolonged
coagulation time [42,47,49,50,61].

2.5. Immunological Effects of Sulfated Alginates

The mechanisms behind the anti-inflammatory properties of heparin and similar sulfated
polysaccharides are still not fully understood. Several studies demonstrate interactions with cytokines,
chemokines, growth factors, and signalling cascade factors, potentially resulting in altered protein
half-life, sequestration of ligands from their receptors, and/or prevention of proteolytic cleavage
or conformational changes in proteins. The cellular response to inflammation can also be affected
more directly by heparin, through association with adhesion proteins that mediate extravasation of
leukocytes across the endothelium [29].

To study the anti-inflammatory properties of sulfated alginates, we employed two different
model systems, where multiple anti-inflammatory effects were observed (Figure 5). In the first
study, sulfated alginates were incorporated in alginate microspheres either as a secondary coat on
polycation-coated microcapsules or mixed with non-sulfated alginate in uncoated microspheres,
followed by incubation in whole human blood anti-coagulated with lepirudin [65]. Microspheres with
sulfated alginates were found to attenuate the inflammatory response, by lowering the expression
of several inflammatory cytokines, including interleukin (IL)-1β, TNF, and IL-8. The sulfated
alginate gels were found to inhibit the complement cascade in blood, as well as in plasma in soluble
form [44], indicating direct interaction with complement factors as previously demonstrated for
heparin [19,66]. Sequestration of complement factors prevents assembly of the convertases and
terminal complement complex, whereas we additionally demonstrated interaction between sulfated
alginates and complement inhibitory Factor H, which can contribute to suppression of the complement
cascade on microsphere surfaces [65]. Lastly, there is significant cross talk between the coagulation and
complement cascades [20,67], where the previously described anticoagulating activities of sulfated
alginates can have an indirect influence on the inflammatory response. Sulfated alginates were further
found to reduce integrin alpha M (ITGAM/CD11b) expression on leukocytes, which can be attributed
to indirect effects from sequestration of cytokines and complement factors. In the second study,
human chondrocytes were encapsulated in alginate or sulfated alginate gels, prior to inflammatory
induction with IL-1β. Chondrocytes in sulfated alginate gels demonstrated lowered expression of
inflammatory and catabolic markers, as well as reduced nuclear factor-kappa b NF-κB and p38-mitogen
activated protein kinase (MAPK)-mediated signaling compared with the alginate controls. Sulfated
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alginate was found to bind IL-1β, presumably sequestering the cytokines in the gel matrix and
preventing induction of the encapsulated cells [58]. Similarly, Freeman and co-workers demonstrated
binding to IL-6, further indicating that sulfated alginates can regulate cytokine activity as well as their
expression [48]. Inhibition of cytokine activity through binding can appear to contradict with the
potentiating effect of binding growth factors, and will depend on whether the interaction sites between
sulfated alginates and proteins interfere with receptor binding, or if there is a co-receptor functionality
as previously established for heparan sulfate and FGF [68]. Heparin has previously been demonstrated
to inhibit leukocyte activity through associating with L- and P-selectins [22], which has not yet been
demonstrated for sulfated alginates, but can potentially reveal additional anti-inflammatory effects
in alternative model systems. As a model for chronic inflammation, Zhao and co-workers studied
granuloma formation in rats, and found that ingested sulfated guluronate reduced the size of the
granuloma [50]. The mechanisms behind this effect are still unclear, and sulfated alginates may act on
multiple levels such as inflammation and coagulation pathways, and adhesion molecules [69,70].

Figure 5. Anti-inflammatory effects of sulfated alginates from whole blood and cell culture models [58,65].

2.6. Sulfated Alginates in Tissue Engineering and Drug Delivery

The use of heparin and other GAGs in biomaterials intended for long-term implantation is
limited partly due to their rapid turnover in vivo. The exploration of more stable analogues has
therefore been encouraged for a range of applications in tissue engineering and encapsulation of
therapeutics. Cohen and co-workers initially reported sulfated alginates to associate with multiple
heparin-binding growth factors, highlighting their potential to serve as a reservoir and a slow-release
system for growth factors toward tissue cultivation and drug delivery [48]. Sulfated alginate hydrogels
loaded with growth factors were further found to promote angiogenesis and blood perfusion in
animal tissues, and have been formulated as injectable solutions for gelation in situ [71,72]. In a
separate study, heterogeneous hydrogels with layered organization of specific growth factors were
found to support compartmentalized differentiation of mesenchymal stem cells into osteoblasts and
chondrocytes [73]. In a recent study, Ruvinov and colleagues proposed a model where the multiple
heparin-binding proteins and sulfated alginate chains spontaneously assemble into nanoparticles with
a fiber-like structure and a net negative surface charge, which can subsequently be immobilized
in injectable hydrogels such as unmodified alginates or various nanoparticle formulations [74].
This demonstrates a great potential and versatility for formulating hydrogel- and nanoparticle-based
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delivery of heparin-binding proteins, whereas modifications to the structure and sequence of the
sulfated alginates can additionally contribute to the release rate by tuning the interaction strength with
various proteins [43,44]. In addition to providing prolonged delivery of growth factors through their
associative retention, the binding of sulfated alginate has been demonstrated to protect the proteins
from proteolytic cleavage by trypsin [74], which is one of the postulated effects of heparin and other
sulfated glycosaminoglycans in regulating cell signaling.

Zenobi-Wong and colleagues initially employed sulfated alginate hydrogels for the cultivation of
cartilage, and found that the gels promoted proliferation and prolonged viability of the chondrocytes
(Figure 6). Furthermore, the sulfated alginates were able to sustain the cartilaginous phenotype over
long culture times, demonstrated by a high degree of collagen 2 expression and repressed collagen
1 expression [46]. The inductive effect on chondrocyte proliferation was attenuated by blocking
beta1 integrins, indicating that the sulfated alginates interact (presumably indirectly) with integrins
and potentially other adhesion proteins on the cell surface to support anchorage and migration.
The chondrogenic effects were additionally related to a high degree of FGF retention in the hydrogels,
where the sulfated alginates are proposed to act as a co-receptor to the cellular FGF receptor, analogous
to heparan sulfate in vivo [56]. This was indicated by the ability of sulfated alginates to restore
FGF-mediated proliferation of HS-deficient BaF3 cells [56], and was later reproduced by Li and
co-workers utilizing additional growth factors and different sequences of sulfated alginate [61]. Due to
their beneficial effects on chondrocyte proliferation and phenotype maintenance, sulfated alginates
have further been evaluated as a component in bioinks for 3D-bioprinting, including nanocellulose
fibers to retain the shape of printed structures prior to ionic crosslinking [75].

Figure 6. Sulfated alginates bind multiple growth factors [48], and have an inductive effect in chondrocyte
cultivation [46,56,58].

Whereas the degradation of sulfated alginates has not yet been studied in vivo, alginates are not
depolymerized by any known enzyme in mammals. Sulfated alginates may thus provide more stable
hydrogels for long-term implants, where alteration of the sulfation degree, monosaccharide sequence,
and gelling conditions can tune properties such as swelling and porosity, degradability, and retention
of matrix-binding proteins. Despite a low inflammatory response from the innate immune system,
in vivo experiments in certain rat models and primates have uncovered a fibrotic reaction to pure
alginate implants, which will presumably occur in human subjects as well and impair the function
of the hydrogels and encapsulated cells. As elaborated in the previous section, sulfated alginates
show potent anti-inflammatory properties, which can reduce immunological rejection and fibrosis
toward long-term implants and potentially overcome these challenges with alginate-based biomaterials.
The encapsulation of cells in biomimetic matrices is a highly relevant approach for generating more
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advanced in vitro tissue models, and for clinical tissue engineering including matrix-assisted cell
implantation and injectable matrices such as supporting scaffolds for tissue repair [76,77].

2.7. Structure-Function Relationships in Sulfated Alginates

The conformations of M and G are 4C1 and 1C4, respectively, with glycosidic bonds that are
di-equatorial, di-axial, or equatorial-axial for MM, GG, and MG, resulting in varying orientations of
the sulfated C2 and C3 hydroxyl groups (Figure 2). The sequences vary in their extension and rigidity,
where the GG sequences have a more compact conformation with higher charge density per unit
length compared with MM. The MG sequence was initially demonstrated by Smidsrød and colleagues
to have a more flexible backbone compared with MM and GG [55], which is also supported by its
higher solubility in water at low pH [78]. Similar to heparin, structural and conformational properties,
alongside the negative charge density, can influence the interaction strength between sulfated alginates
and proteins, emphasizing the importance of characterizing structure-function relationships.

Oligosaccharides of sulfated alginates have been utilized to study the minimal degree of
polymerization (DP) required for binding to proteins. In one of our studies using a sulfated alternating
alginate sequence (S-MG, DS~0.9), a minimum length of 8-mer was required for significant interaction
with HGF, whereas 14-mers approached the interaction strength of poly-S-MG (DP = 80) and LMWH.
For FGF-2, a low degree of interaction was observed for 6-mers of S-MG, whereas the 14-mers did not
show the efficacy of poly-SMG. Overall, the S-MG samples showed a lower degree of interaction with
FGF-2 compared with HGF, and did not approach the efficacy of heparin. Liu and co-workers prepared
and sulfated (DS~1.5) M-rich oligosaccharides obtained from hydrolysis and separation of algal
alginate, and studied the binding interaction to HIV envelope protein gp120, as a potential anti-HIV
therapy. It was demonstrated that a minimal length of an 8-mer was required for interaction, whereas
multivalent interactions were observed for >15–16 mers as well as a higher binding affinity compared
with heparin [79]. As alginates can be reproducibly hydrolysed and separated into low-disperse
fractions based on size and monosaccharide composition, optimizing the molecular weight of samples
can potentially contribute to reducing adverse effects in therapeutic applications, similarly to the use
of UFH/LMWH/ULMWH.

To assess the impact of the alginate monosaccharide sequence, we initially utilized homogeneous
sequences (poly-M, poly-G, and poly-MG) of sulfated alginates with similar sulfation degrees and
analysed the interaction with HGF [44]. Here, it was found that at high sulfation degrees (DS~1) the
efficacy of the varying sequences was similar, whereas at intermediate sulfation degrees (DS~0.5) the
interaction strength increased in the order of poly-M < poly-G < poly-MG. This points towards an
influence of chain flexibility as the highly sulfated alginates are presumed to display a more rigid
conformation, thus reducing the effect of backbone flexibility in the unmodified alginate sequences. To
further investigate the effect of chain flexibility, we performed a periodate oxidation of sulfated poly-M
alginates, causing hexuronic ring opening in non-sulfated monosaccharides and an introduction of
flexible junction zones [43]. This resulted in increased interaction strength with HGF and FGF-2,
correlated with the oxidation degree of the sulfated alginates. The importance of chain flexibility
is expected to vary between proteins of different sizes and surface patterns of basic amino acid
residues. It was discovered that sulfated poly-M alginates interacted more strongly to FGF-2 than the
sulfated poly-MG alginates, while periodate oxidation had a smaller impact on interaction strength
compared with that for HGF, indicating that the monosaccharide structure and charge orientation
contributes to interaction strength alongside chain flexibility. This was again demonstrated by Li
and co-workers, who found that sulfated G-rich oligosaccharides were more effective that M-rich
oligosaccharides at prolonging coagulation time, and at mediating FGF-8 signalling in BaF3 cell
cultures [61]. As over-sulfated alginates may exert a high degree of non-specific and potential
adverse effects, chemo-enzymatic engineering of the backbone may provide a versatile tool to improve
interaction strengths and potentially confer increased ligand selectivity compared to sulfation alone,
similarly to the role of IdoA in heparin and heparan sulfate.



Molecules 2017, 22, 778 12 of 16

3. Conclusions and Future Directions

From the present status of knowledge, sulfated alginates show in particular promise for cell
immobilization and tissue engineering applications, as presented through the works of Zenobi-Wong
and Cohen with their respective groups. The sulfated alginates act as analogues of cell surface GAGs
in mediating growth factor signalling, while creating a biomimetic physical environment for the
proliferation and migration of cells, extracellular matrix deposition, and tissue maturation. Similarly,
the sulfated alginate matrix may provide a reservoir for growth factors, where the affinity toward
specific growth factors may be altered through chemo-enzymatic engineering of the alginate, for a
tuned and sustained delivery to tissues. There have further been demonstrated anti-inflammatory
properties in sulfated alginates, which can aid in matrix-assisted cell- and tissue transplantations by
suppressing pro-catabolic and inflammatory responses from surrounding tissues and in encapsulated
cells. However, additional in vivo studies to assess gel stability, immunological and fibrotic responses,
and implant survival are required. Non-coagulating heparins have previously been evaluated for
anti-inflammatory and anti-cancer therapeutics, highlighting an additional potential application for
heparin analogues with customizable pharmacokinetic and -dynamic properties in treating acute and
chronic inflammatory conditions.

Several studies on sulfated alginates have focused on their anti-coagulant properties. However,
there are no clear indications of specific antithrombin activation, where substantially higher
concentrations of sulfated alginates are required to approach the efficacy of heparin. While
sequences of sulfated alginate with a higher affinity for antithrombin can potentially be generated
through chemo-enzymatic engineering, emulation of the specific heparin pentasaccharide may prove
challenging. As an intravenously administered drug with rapid onset, heparin benefits from a short
half-life. Sulfated alginates are presumably eliminated through renal excretion alone, which is a slower
mechanism compared to depolymerization, where extended activity may lead to a severe drop in
blood pressure and additional adverse effects. The use of sulfated alginates as anticoagulants can
therefore show greater promise as a coating for medical devices and biomaterials, where a high surface
stability is desirable and the additional anti-inflammatory effects can potentially reduce fibrosis or
immunological rejection of implanted devices or materials.

Chemical sulfation of alginates allows for the simple and reproducible synthesis of heparin-like
molecules in large batches and at low cost. However, much work remains to explore novel strategies
for milder and more selective syntheses, to further characterize and understand their interaction with
heparin-binding proteins, and to evaluate the potential of sulfated alginates toward novel biomedical
applications. Compared to GAGs and other heparin analogues, the utility of sulfated alginates is
tied to their gelling capability and their structural customizability, allowing tuning of physical and
biological properties, and bioavailability. The majority of studies have employed commercial algal
alginates and have performed sulfation of C2 and C3, whereas exploring non-conventional sequence
patterns (alternative sources, enzymatic engineering), novel sulfation strategies (M/G preference,
C6-sulfation), and conjugation to other functional groups can provide new properties and potentially
improved selectivity of protein interactions. Ideally, a sulfated alginate oligosaccharide library with
defined modification patterns can be established and applied to gain a deeper understanding of
their structure-function relationships. In conclusion, sulfated alginates have unique characteristics
as heparin analogues, and while they are relatively unstudied, they demonstrate a wide range of
biological properties and a structural versatility that can provide novel biomedical applications and a
deeper understanding of the biological functions of sulfated glycosaminoglycans.

Acknowledgments: This work was supported by the Norwegian Research Council through the MARPOL project
(grant no. 221576), and by SINTEF Materials and Chemistry, Trondheim, Norway.

Author Contributions: Ø.A. and G.S.-B. reviewed the literature and wrote the paper.

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



Molecules 2017, 22, 778 13 of 16

References

1. Liu, H.Y.; Zhang, Z.Q.; Linhardt, R.J. Lessons Learned from the Contamination of Heparin. Nat. Prod. Rep.
2009, 26, 313–321. [CrossRef] [PubMed]

2. Lindahl, U.; Li, J.P.; Kusche-Gullberg, M.; Salmivirta, M.; Alaranta, S.; Veromaa, T.; Emeis, J.; Roberts, I.;
Taylor, C.; Oreste, P.; et al. Generation of “Neoheparin“ from E Coli K5 Capsular Polysaccharide. J. Med.
Chem. 2005, 48, 349–352. [CrossRef] [PubMed]

3. Codee, J.D.C.; Stubba, B.; Schiattarella, M.; Overkleeft, H.S.; van Boeckel, C.A.A.; van Boom, J.H.;
van der Marel, G.A. A Modular Strategy toward the Synthesis of Heparin-Like Oligosaccharides Using
Monomeric Building Blocks in a Sequential Glycosylation Strategy. J. Am. Chem. Soc. 2005, 127, 3767–3773.
[CrossRef] [PubMed]

4. Jiao, G.L.; Yu, G.L.; Zhang, J.Z.; Ewart, H.S. Chemical Structures and Bioactivities of Sulfated Polysaccharides
from Marine Algae. Mar. Drugs 2011, 9, 196–223. [CrossRef] [PubMed]

5. Deng, J.; Liu, X.Y.; Ma, L.; Cheng, C.; Shi, W.B.; Nie, C.X.; Zhao, C.S. Heparin-Mimicking Multilayer
Coating on Polymeric Membrane Via Lbl Assembly of Cyclodextrin-Based Supramolecules. ACS Appl.
Mater. Interfaces 2014, 6, 21603–21614. [CrossRef] [PubMed]

6. Sasisekharan, R.; Venkataraman, G. Heparin and Heparan Sulfate: Biosynthesis, Structure and Function.
Curr. Opin. Chem. Biol. 2000, 4, 626–631. [CrossRef]

7. Raman, R.; Venkataraman, G.; Ernst, S.; Sasisekharan, V.; Sasisekharan, R. Structural Specificity of Heparin
Binding in the Fibroblast Growth Factor Family of Proteins. Proc. Natl. Acad. Sci. USA 2003, 100, 2357–2362.
[CrossRef] [PubMed]

8. Habuchi, H.; Tanaka, M.; Habuchi, O.; Yoshida, K.; Suzuki, H.; Ban, K.; Kimata, K. The Occurrence of Three
Isoforms of Heparan Sulfate 6-O-Sulfotransferase Having Different Specificities for Hexuronic Acid Adjacent
to the Targeted N-Sulfoglucosamine. J. Biol. Chem. 2000, 275, 2859–2868. [CrossRef] [PubMed]

9. Aikawa, J.; Grobe, K.; Tsujimoto, M.; Esko, J.D. Multiple Isozymes of Heparan Sulfate/Heparin Glcnac
N-Deacetylase/Glcn N-Sulfotransferase-Structure and Activity of the Fourth Member, Ndst4. J. Biol. Chem.
2001, 276, 5876–5882. [CrossRef] [PubMed]

10. Sudo, M.; Sato, K.; Chaidedgumjorn, A.; Toyoda, H.; Toida, T.; Imanari, T. H-1 Nuclear Magnetic Resonance
Spectroscopic Analysis for Determination of Glucuronic and Iduronic Acids in Dermatan Sulfate, Heparin,
and Heparan Sulfate. Anal. Biochem. 2001, 297, 42–51. [CrossRef] [PubMed]

11. Guerrini, M.; Bisio, A.; Torri, G. Combined Quantitative H-1 and C-13 Nuclear Magnetic Resonance
Spectroscopy for Characterization of Heparin Preparations. Semin. Thromb. Hemost. 2001, 27, 473–482.
[CrossRef] [PubMed]

12. Maccarana, M.; Sakura, Y.; Tawada, A.; Yoshida, K.; Lindahl, U. Domain Structure of Heparan Sulfates from
Bovine Organs. J. Biol. Chem. 1996, 271, 17804–17810. [CrossRef] [PubMed]

13. Hagner-McWhirter, A.; Lindahl, U.; Li, J.P. Biosynthesis of Heparin/Heparan Sulphate: Mechanism of
Epimerization of Glucuronyl C-5. Biochem. J. 2000, 347, 69–75. [CrossRef] [PubMed]

14. Raedts, J.M.; Lundgren, M.; Kengen, S.W.M.; Li, J.P.; van der Oost, J. A Novel Bacterial Enzyme with
D-Glucuronyl C5-Epimerase Activity. J. Biol. Chem. 2013, 288, 24332–24339. [CrossRef] [PubMed]

15. Lidholt, K.; Fjelstad, M.; Jann, K.; Lindahl, U. Biosynthesis of Heparin 25. Substrate Specificities of
Glycosyltransferases Involved in Formation of Heparin Precursor and Escherichia-Coli K5 Capsular
Polysaccharides. Carbohydr. Res. 1994, 255, 87–101. [CrossRef]

16. Lindahl, U.; Backstrom, G.; Hook, M.; Thunberg, L.; Fransson, L.A.; Linker, A. Structure of the
Antithrombin-Binding Site in Heparin. Proc. Natl. Acad. Sci. USA 1979, 76, 3198–3202. [CrossRef]
[PubMed]

17. Hansen, S.U.; Miller, G.J.; Cliff, M.J.; Jaysonc, G.C.; Gardiner, J.M. Making the Longest Sugars: A Chemical
Synthesis of Heparin-Related [4](N) Oligosaccharides from 16-Mer to 40-Mer. Chem. Sci. 2015, 6, 6158–6164.
[CrossRef]

18. Rosenberg, R.D. Actions and Interactions of Antithrombin and Heparin. N. Engl. J. Med. 1975, 292, 146–151.
[PubMed]

19. Sahu, A.; Pangburn, M.K. Identification of Multiple Sites of Interaction between Heparin and the
Complement-System. Mol. Immunol. 1993, 30, 679–684. [CrossRef]

http://dx.doi.org/10.1039/b819896a
http://www.ncbi.nlm.nih.gov/pubmed/19240943
http://dx.doi.org/10.1021/jm049812m
http://www.ncbi.nlm.nih.gov/pubmed/15658847
http://dx.doi.org/10.1021/ja045613g
http://www.ncbi.nlm.nih.gov/pubmed/15771511
http://dx.doi.org/10.3390/md9020196
http://www.ncbi.nlm.nih.gov/pubmed/21566795
http://dx.doi.org/10.1021/am506249r
http://www.ncbi.nlm.nih.gov/pubmed/25375347
http://dx.doi.org/10.1016/S1367-5931(00)00145-9
http://dx.doi.org/10.1073/pnas.0437842100
http://www.ncbi.nlm.nih.gov/pubmed/12604799
http://dx.doi.org/10.1074/jbc.275.4.2859
http://www.ncbi.nlm.nih.gov/pubmed/10644753
http://dx.doi.org/10.1074/jbc.M009606200
http://www.ncbi.nlm.nih.gov/pubmed/11087757
http://dx.doi.org/10.1006/abio.2001.5296
http://www.ncbi.nlm.nih.gov/pubmed/11567526
http://dx.doi.org/10.1055/s-2001-17958
http://www.ncbi.nlm.nih.gov/pubmed/11668416
http://dx.doi.org/10.1074/jbc.271.30.17804
http://www.ncbi.nlm.nih.gov/pubmed/8663266
http://dx.doi.org/10.1042/bj3470069
http://www.ncbi.nlm.nih.gov/pubmed/10727403
http://dx.doi.org/10.1074/jbc.M113.476440
http://www.ncbi.nlm.nih.gov/pubmed/23824188
http://dx.doi.org/10.1016/S0008-6215(00)90972-8
http://dx.doi.org/10.1073/pnas.76.7.3198
http://www.ncbi.nlm.nih.gov/pubmed/226960
http://dx.doi.org/10.1039/C5SC02091C
http://www.ncbi.nlm.nih.gov/pubmed/127943
http://dx.doi.org/10.1016/0161-5890(93)90079-Q


Molecules 2017, 22, 778 14 of 16

20. Amara, U.; Flierl, M.A.; Rittirsch, D.; Klos, A.; Chen, H.; Acker, B.; Bruckner, U.B.; Nilsson, B.; Gebhard, F.;
Lambris, J.D.; et al. Molecular Intercommunication between the Complement and Coagulation Systems.
J. Immunol. 2010, 185, 5628–5636. [CrossRef] [PubMed]

21. Gandhi, N.S.; Mancera, R.L. The Structure of Glycosaminoglycans and Their Interactions with Proteins.
Chem. Biol. Drug Des. 2008, 72, 455–482. [CrossRef] [PubMed]

22. Nelson, R.M.; Cecconi, O.; Roberts, W.G.; Aruffo, A.; Linhardt, R.J.; Bevilacqua, M.P. Heparin Oligosaccharides
Bind L-Selectin and P-Selectin and Inhibit Acute-Inflammation. Blood 1993, 82, 3253–3258. [PubMed]

23. Joyce, J.G.; Tung, J.S.; Przysiecki, C.T.; Cook, J.C.; Lehman, E.D.; Sands, J.A.; Jansen, K.U.; Keller, P.M. The L1
Major Capsid Protein of Human Papillomavirus Type 11 Recombinant Virus-Like Particles Interacts with
Heparin and Cell-Surface Glycosaminoglycans on Human Keratinocytes. J. Biol. Chem. 1999, 274, 5810–5822.
[CrossRef] [PubMed]

24. Ascencio, F.; Fransson, L.A.; Wadstrom, T. Affinity of the Gastric Pathogen Helicobacter-Pylori for the
N-Sulfated Glycosaminoglycan Heparan-Sulfate. J. Med. Microbiol. 1993, 38, 240–244. [CrossRef] [PubMed]

25. Spillmann, D.; Lindahl, U. Glycosaminoglycan Protein Interactions-a Question of Specificity. Curr. Opin.
Struct. Biol. 1994, 4, 677–682. [CrossRef]

26. Lindahl, U. A Personal Voyage through the Proteoglycan Field. Matrix Biol. 2014, 35, 3–7. [CrossRef]
[PubMed]

27. Hu, Y.P.; Zhong, Y.Q.; Chen, Z.G.; Chen, C.Y.; Shi, Z.; Zulueta, M.M.; Ku, C.C.; Lee, P.Y.; Wang, C.C.; Hung, S.C.
Divergent Synthesis of 48 Heparan Sulfate-Based Disaccharides and Probing the Specific Sugar-Fibroblast
Growth Factor-1 Interaction. J. Am. Chem. Soc. 2012, 134, 20722–20727. [CrossRef] [PubMed]

28. Foxall, C.; Holme, K.R.; Liang, W.H.; Wei, Z. An Enzyme-Linked-Immunosorbent-Assay Using Biotinylated
Heparan-Sulfate to Evaluate the Interactions of Heparin-Like Molecules and Basic Fibroblast Growth-Factor.
Anal. Biochem. 1995, 231, 366–373. [CrossRef] [PubMed]

29. Wang, L.C.; Brown, J.R.; Varki, A.; Esko, J.D. Heparin’s Anti-Inflammatory Effects Require Glucosamine
6-O-Sulfation and Are Mediated by Blockade of L- and P-Selectins. J. Clin. Investig. 2002, 110, 127–136.
[CrossRef] [PubMed]

30. Koenig, A.; Norgard-Sumnicht, K.; Linhardt, R.; Varki, A. Differential Interactions of Heparin and Heparan
Sulfate Glycosaminoglycans with the Selectins-Implications for the Use of Unfractionated and Low Molecular
Weight Heparins as Therapeutic Agents. J. Clin Investig. 1998, 101, 877–889. [CrossRef] [PubMed]

31. Skjåk-Bræk, G.; Donari, I.; Paoletti, S. Alginate Hydrogels: Properties and Applications. In Polysaccharide
Hydrogels; Matricardi, P., Alhaique, F., Coviello, T., Eds.; Pan Stanford: Boca Raton, FL, USA, 2015.

32. Sarrazin, S.; Lamanna, W.C.; Esko, J.D. Heparan Sulfate Proteoglycans. Cold Spring Harbor Perspect. Biol.
2011, 3, 1–33. [CrossRef] [PubMed]

33. Stokke, B.T.; Smidsrød, O.; Bruheim, P.; Skjåk-Bræk, G. Distribution of Uronate Residues in Alginate Chains
in Relation to Alginate Gelling Properties. Macromolecules 1991, 24, 4637–4645. [CrossRef]

34. Mørch, Y.A.; Donati, I.; Strand, B.L.; Skjåk-Bræk, G. Molecular Engineering as an Approach to Design New
Functional Properties of Alginate. Biomacromolecules 2007, 8, 2809–2814. [CrossRef] [PubMed]

35. Høidal, H.K.; Ertesvåg, H.; Skjåk-Bræk, G.; Stokke, B.T.; Valla, S. The Recombinant Azotobacter Vinelandii
Mannuronan C-5-Epimerase Alge4 Epimerizes Alginate by a Nonrandom Attack Mechanism. J. Biol. Chem.
1999, 274, 12316–12322. [CrossRef] [PubMed]

36. Pawar, S.N.; Edgar, K.J. Alginate Derivatization: A Review of Chemistry, Properties and Applications.
Biomaterials 2012, 33, 3279–3305. [CrossRef] [PubMed]

37. Ertesvåg, H. Alginate-Modifying Enzymes: Biological Roles and Biotechnological Uses. Front. Microbiol.
2015, 6, 1–10.

38. Jacobs-Tulleneers-Thevissen, D.; Chintinne, M.; Ling, Z.; Gillard, P.; Schoonjans, L.; Delvaux, G.; Strand, B.L.;
Gorus, F.; Keymeulen, B.; Pipeleers, D.; et al. Sustained Function of Alginate-Encapsulated Human Islet Cell
Implants in the Peritoneal Cavity of Mice Leading to a Pilot Study in a Type 1 Diabetic Patient. Diabetologia
2013, 56, 1605–1614. [CrossRef] [PubMed]

39. Zhang, J.; Wang, Q.; Wang, A. In Situ Generation of Sodium Alginate/Hydroxyapatite Nanocomposite Beads
as Drug-Controlled Release Matrices. Acta Biomate. 2010, 6, 445–454. [CrossRef] [PubMed]

40. Sandvig, I.; Karstensen, K.; Rokstad, A.M.; Aachmann, F.L.; Formo, K.; Sandvig, A.; Skjåk-Bræk, G.;
Strand, B.L. Rgd-Peptide Modified Alginate by a Chemoenzymatic Strategy for Tissue Engineering
Applications. J. Biomed. Mater. Res. Part A 2015, 103, 896–906. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.0903678
http://www.ncbi.nlm.nih.gov/pubmed/20870944
http://dx.doi.org/10.1111/j.1747-0285.2008.00741.x
http://www.ncbi.nlm.nih.gov/pubmed/19090915
http://www.ncbi.nlm.nih.gov/pubmed/7694675
http://dx.doi.org/10.1074/jbc.274.9.5810
http://www.ncbi.nlm.nih.gov/pubmed/10026203
http://dx.doi.org/10.1099/00222615-38-4-240
http://www.ncbi.nlm.nih.gov/pubmed/7682621
http://dx.doi.org/10.1016/S0959-440X(94)90165-1
http://dx.doi.org/10.1016/j.matbio.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24463261
http://dx.doi.org/10.1021/ja3090065
http://www.ncbi.nlm.nih.gov/pubmed/23240683
http://dx.doi.org/10.1006/abio.1995.0065
http://www.ncbi.nlm.nih.gov/pubmed/8594987
http://dx.doi.org/10.1172/JCI0214996
http://www.ncbi.nlm.nih.gov/pubmed/12093896
http://dx.doi.org/10.1172/JCI1509
http://www.ncbi.nlm.nih.gov/pubmed/9466983
http://dx.doi.org/10.1101/cshperspect.a004952
http://www.ncbi.nlm.nih.gov/pubmed/21690215
http://dx.doi.org/10.1021/ma00016a026
http://dx.doi.org/10.1021/bm700502b
http://www.ncbi.nlm.nih.gov/pubmed/17696472
http://dx.doi.org/10.1074/jbc.274.18.12316
http://www.ncbi.nlm.nih.gov/pubmed/10212201
http://dx.doi.org/10.1016/j.biomaterials.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22281421
http://dx.doi.org/10.1007/s00125-013-2906-0
http://www.ncbi.nlm.nih.gov/pubmed/23620058
http://dx.doi.org/10.1016/j.actbio.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19596091
http://dx.doi.org/10.1002/jbm.a.35230
http://www.ncbi.nlm.nih.gov/pubmed/24826938


Molecules 2017, 22, 778 15 of 16

41. Markstedt, K.; Mantas, A.; Tournier, I.; Martinez, H.; Hägg, D.; Gatenholm, P. 3D Bioprinting
Human Chondrocytes with Nanocellulose-Alginate Bioink for Cartilage Tissue Engineering Applications.
Biomacromolecules 2015, 16, 1489–1496. [CrossRef] [PubMed]

42. Huang, R.H.; Du, Y.M.; Yang, J.H. Preparation and in Vitro Anticoagulant Activities of Alginate Sulfate and
Its Quaterized Derivatives. Carbohydr. Polym. 2003, 52, 19–24.

43. Arlov, Ø.; Aachmann, F.L.; Feyzi, E.; Sundan, A.; Skjåk-Bræk, G. The Impact of Chain Length and Flexibility
in the Interaction between Sulfated Alginates and Hgf and Fgf-2. Biomacromolecules 2015, 16, 3417–3424.
[CrossRef] [PubMed]

44. Arlov, Ø.; Aachmann, F.L.; Sundan, A.; Espevik, T.; Skjåk-Bræk, G. Heparin-Like Properties of Sulfated
Alginates with Defined Sequences and Sulfation Degrees. Biomacromolecules 2014, 15, 2744–2750. [CrossRef]
[PubMed]

45. Miyaji, H.; Misaki, A. Distribution of Sulfate Groups in the Partially Sulfated Dextrans. J. Biochem. 1973, 74,
1131–1139. [CrossRef] [PubMed]

46. Mhanna, R.; Kashyap, A.; Palazzolo, G.; Vallmajo-Martin, Q.; Becher, J.; Möller, S.; Schnabelrauch, M.;
Zenobi-Wong, M. Chondrocyte Culture in Three Dimensional Alginate Sulfate Hydrogels Promotes
Proliferation While Maintaining Expression of Chondrogenic Markers. Tissue Engl. Part A 2014, 20, 1454–1464.
[CrossRef] [PubMed]

47. Ma, L.; Cheng, C.; Nie, C.X.; He, C.; Deng, J.; Wang, L.R.; Xia, Y.; Zhao, C.S. Anticoagulant Sodium Alginate
Sulfates and Their Mussel-Inspired Heparin-Mimetic Coatings. J. Mater. Chem. B 2016, 4, 203–215. [CrossRef]

48. Freeman, I.; Kedem, A.; Cohen, S. The Effect of Sulfation of Alginate Hydrogels on the Specific Binding and
Controlled Release of Heparin-Binding Proteins. Biomaterials 2008, 29, 3260–3268. [CrossRef] [PubMed]

49. Fan, L.H.; Jiang, L.; Xu, Y.M.; Zhou, Y.; Shen, Y.A.; Xie, W.G.; Long, Z.H.; Zhou, J.P. Synthesis and
Anticoagulant Activity of Sodium Alginate Sulfates. Carbohydr. Polym. 2011, 83, 1797–1803. [CrossRef]

50. Zhao, X.; Yu, G.L.; Guan, H.S.; Yue, N.; Zhang, Z.Q.; Li, H.H. Preparation of Low-Molecular-Weight
Polyguluronate Sulfate and Its Anticoagulant and Anti-Inflammatory Activities. Carbohydr. Polym. 2007, 69,
272–279. [CrossRef]

51. Lindahl, U.; Kusche-Gullberg, M.; Kjellen, L. Regulated Diversity of Heparan Sulfate. J. Biol. Chem. 1998,
273, 24979–24982. [CrossRef] [PubMed]

52. Dodgson, K.S.; Price, R.G. A Note on the Determination of the Ester Sulphate Content of Sulphated
Polysaccharides. Biochem. J. 1962, 84, 106–110. [CrossRef] [PubMed]

53. Yang, J.H.; Du, Y.M.; Huang, R.H.; Wan, Y.Y.; Wen, Y. The Structure-Anticoagulant Activity Relationships of
Sulfated Lacquer Polysaccharide—Effect of Carboxyl Group and Position of Sulfation. Int. J. Biol. Macromol.
2005, 36, 9–15. [CrossRef] [PubMed]

54. Heymann, B.; Grubmuller, H. Chair-Boat′ Transitions and Side Groups Affect the Stiffness of Polysaccharides.
Chem. Phys. Lett. 1999, 305, 202–208. [CrossRef]

55. Smidsrød, O.; Glover, R.M.; Whittington, S.G. The Relative Extension of Alginates Having Different Chemical
Composition. Carbohydr. Res. 1973, 27, 107–118. [CrossRef]

56. Öztürk, E.; Arlov, Ø.; Aksel, S.; Li, L.; Ornitz, D.M.; Skjåk-Bræk, G.; Zenobi-Wong, M. Sulfated Hydrogel
Matrices Direct Mitogenicity and Maintenance of Chondrocyte Phenotype through Activation of Fgf
Signaling. Adv. Funct. Mater. 2016, 26, 3649–3662. [CrossRef]

57. Grant, G.T.; Morris, E.R.; Rees, D.A.; Smith, P.J.C.; Thom, D. Biological Interactions between Polysaccharides
and Divalent Cations-Egg-Box Model. Febs. Lett. 1973, 32, 195–198. [CrossRef]

58. Arlov, Ø.; Steinwachs, M.; Skjåk-Bræk, G.; Zenobi-Wong, M. Biomimetic Sulphated Alginate Hydrogels
Suppress Il-1beta-Induced Inflammatory Responses in Human Chondrocytes. Eur. Cell. Mater. 2017, 33,
76–89. [CrossRef] [PubMed]

59. Mørch, Ý.A.; Donati, I.; Strand, B.L.; Skjåk-Bræk, G. Effect of Ca2+, Ba2+, and Sr2+ on Alginate Microbeads.
Biomacromolecules 2006, 7, 1471–1480. [CrossRef] [PubMed]

60. Draget, K.I.; Østgaard, K.; Smidsrød, O. Homogeneous Alginate Gels-a Technical Approach. Carbohydr. Polym.
1990, 14, 159–178. [CrossRef]

61. Li, Q.C.; Zeng, Y.Y.; Wang, L.L.; Guan, H.S.; Li, C.X.; Zhang, L.J. The Heparin-Like Activities of Negatively
Charged Derivatives of Low-Molecular-Weight Polymannuronate and Polyguluronate. Carbohydr. Polym.
2017, 155, 313–320. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.biomac.5b00188
http://www.ncbi.nlm.nih.gov/pubmed/25806996
http://dx.doi.org/10.1021/acs.biomac.5b01125
http://www.ncbi.nlm.nih.gov/pubmed/26406104
http://dx.doi.org/10.1021/bm500602w
http://www.ncbi.nlm.nih.gov/pubmed/24844124
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a130340
http://www.ncbi.nlm.nih.gov/pubmed/4781052
http://dx.doi.org/10.1089/ten.tea.2013.0544
http://www.ncbi.nlm.nih.gov/pubmed/24320935
http://dx.doi.org/10.1039/C6TB00636A
http://dx.doi.org/10.1016/j.biomaterials.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18462788
http://dx.doi.org/10.1016/j.carbpol.2010.10.038
http://dx.doi.org/10.1016/j.carbpol.2006.10.024
http://dx.doi.org/10.1074/jbc.273.39.24979
http://www.ncbi.nlm.nih.gov/pubmed/9737951
http://dx.doi.org/10.1042/bj0840106
http://www.ncbi.nlm.nih.gov/pubmed/13886865
http://dx.doi.org/10.1016/j.ijbiomac.2005.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16022893
http://dx.doi.org/10.1016/S0009-2614(99)00388-7
http://dx.doi.org/10.1016/S0008-6215(00)82430-1
http://dx.doi.org/10.1002/adfm.201600092
http://dx.doi.org/10.1016/0014-5793(73)80770-7
http://dx.doi.org/10.22203/eCM.v033a06
http://www.ncbi.nlm.nih.gov/pubmed/28170076
http://dx.doi.org/10.1021/bm060010d
http://www.ncbi.nlm.nih.gov/pubmed/16677028
http://dx.doi.org/10.1016/0144-8617(90)90028-Q
http://dx.doi.org/10.1016/j.carbpol.2016.08.084
http://www.ncbi.nlm.nih.gov/pubmed/27702517


Molecules 2017, 22, 778 16 of 16

62. Mousa, S.A.; Mohamed, S. Inhibition of Endothelial Cell Tube Formation by the Low Molecular Weight
Heparin, Tinzaparin, Is Mediated by Tissue Factor Pathway Inhibitor. Thromb. Haemost. 2004, 92, 627–633.
[CrossRef] [PubMed]

63. Ma, L.; Cheng, C.; He, C.; Nie, C.X.; Deng, J.; Sun, S.D.; Zhao, C.S. Substrate-Independent Robust and
Heparin-Mimetic Hydrogel Thin Film Coating Via Combined Lbl Self-Assembly and Mussel-Inspired
Post-Cross-Linking. ACS Appl. Mater. Interfaces 2015, 7, 26050–26062. [CrossRef] [PubMed]

64. Niimi, Y.; Ichinose, F.; Ishiguro, Y.; Terui, K.; Uezono, S.; Morita, S.; Yamane, S. The Effects of Heparin
Coating of Oxygenator Fibers on Platelet Adhesion and Protein Adsorption. Anesth. Analg. 1999, 89, 573–579.
[PubMed]

65. Arlov, Ø.; Skjåk-Bræk, G.; Rokstad, A.M. Sulfated Alginate Microspheres Associate with Factor H and
Dampen the Inflammatory Cytokine Response. Acta Biomater. 2016, 42, 180–188. [CrossRef] [PubMed]

66. Weiler, J.M.; Edens, R.E.; Linhardt, R.J.; Kapelanski, D.P. Heparin and Modified Heparin Inhibit Complement
Activation Invivo. J. Immunol. 1992, 148, 3210–3215. [PubMed]

67. Oikonomopoulou, K.; Ricklin, D.; Ward, P.A.; Lambris, J.D. Interactions between Coagulation and
Complement-Their Role in Inflammation. Semin. Immunopathol. 2012, 34, 151–165. [CrossRef] [PubMed]

68. Spivak-Kroizman, T.; Lemmon, M.A.; Dikic, I.; Ladbury, J.E.; Pinchasi, D.; Huang, J.; Jaye, M.; Crumley, G.;
Schlessinger, J.; Lax, I. Heparin-Induced Oligomerization of Fgf Molecules Is Responsible for Fgf Receptor
Dimerization, Activation, and Cell-Proliferation. Cell 1994, 79, 1015–1024. [CrossRef]

69. Izaki, S.; Goldstein, S.M.; Fukuyama, K.; Epstein, W.L. Fibrin Deposition and Clearance in Chronic
Granulomatous Inflammation: Correlation with T-Cell Function and Proteinase Inhibitor Activity in Tissue.
J. Investig. Dermatol. 1979, 73, 561–565. [CrossRef] [PubMed]

70. Lukacs, N.W.; Chensue, S.W.; Strieter, R.M.; Warmington, K.; Kunkel, S.L. Inflammatory Granuloma-Formation
Is Mediated by Tnf-Alpha-Inducible Intercellular-Adhesion Molecule-1. J. Immunol. 1994, 152, 5883–5889.
[PubMed]

71. Ruvinov, E.; Leor, J.; Cohen, S. The Effects of Controlled Hgf Delivery from an Affinity-Binding Alginate
Biomaterial on Angiogenesis and Blood Perfusion in a Hindlimb Ischemia Model. Biomaterials 2010, 31,
4573–4582. [CrossRef] [PubMed]

72. Freeman, I.; Cohen, S. The Influence of the Sequential Delivery of Angiogenic Factors from Affinity-Binding
Alginate Scaffolds on Vascularization. Biomaterials 2009, 30, 2122–2131. [CrossRef] [PubMed]

73. Re’em, T.; Witte, F.; Willbold, E.; Ruvinov, E.; Cohen, S. Simultaneous Regeneration of Articular Cartilage
and Subchondral Bone Induced by Spatially Presented Tgf-Beta and Bmp-4 in a Bilayer Affinity Binding
System. Acta Biomater. 2012, 8, 3283–3293. [CrossRef] [PubMed]

74. Ruvinov, E.; Freeman, I.; Fredo, R.; Cohen, S. Spontaneous Coassembly of Biologically Active Nanoparticles
Via Affinity Binding of Heparin-Binding Proteins to Alginate-Sulfate. Nano Lett. 2016, 16, 883–888. [CrossRef]
[PubMed]

75. Müller, M.; Ece, Ö.; Øystein, A.; Paul, G.; Zenobi-Wong, M. Alginate Sulfate–Nanocellulose Bioinks for
Cartilage Bioprinting Applications. Annals Biomed. Eng. 2016, 45, 210–223. [CrossRef] [PubMed]

76. Makris, E.A.; Gomoll, A.H.; Malizos, K.N.; Hu, J.C.; Athanasiou, K.A. Repair and Tissue Engineering
Techniques for Articular Cartilage. Nat. Rev. Rheumatol. 2015, 11, 21–34. [CrossRef] [PubMed]

77. Duflo, S.; Thibeault, S.L.; Li, W.H.; Shu, X.Z.; Prestwich, G.D. Vocal Fold Tissue Repair in Vivo Using a
Synthetic Extracellular Matrix. Tissue Eng. 2006, 12, 2171–2180. [CrossRef] [PubMed]

78. Hartmann, M.; Dentini, M.; Draget, K.I.; Skjåk-Bræk, G. Enzymatic Modification of Alginates with the
Mannuronan C-5 Epimerase Alge4 Enhances Their Solubility at Low Ph. Carbohydr. Poly. 2006, 63, 257–262.
[CrossRef]

79. Liu, H.Y.; Geng, M.Y.; Xin, X.L.; Li, F.C.; Zhang, Z.Q.; Li, J.; Ding, J. Multiple and Multivalent Interactions
of Novel Anti-Aids Drug Candidates, Sulfated Polymannuronate (Spmg)-Derived Oligosaccharides, with
Gp120 and Their Anti-Hiv Activities. Glycobiology 2005, 15, 501–510. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1160/TH04-02-0069
http://www.ncbi.nlm.nih.gov/pubmed/15351861
http://dx.doi.org/10.1021/acsami.5b09634
http://www.ncbi.nlm.nih.gov/pubmed/26553500
http://www.ncbi.nlm.nih.gov/pubmed/10475283
http://dx.doi.org/10.1016/j.actbio.2016.06.015
http://www.ncbi.nlm.nih.gov/pubmed/27296843
http://www.ncbi.nlm.nih.gov/pubmed/1578145
http://dx.doi.org/10.1007/s00281-011-0280-x
http://www.ncbi.nlm.nih.gov/pubmed/21811895
http://dx.doi.org/10.1016/0092-8674(94)90032-9
http://dx.doi.org/10.1111/1523-1747.ep12541600
http://www.ncbi.nlm.nih.gov/pubmed/315978
http://www.ncbi.nlm.nih.gov/pubmed/7911491
http://dx.doi.org/10.1016/j.biomaterials.2010.02.026
http://www.ncbi.nlm.nih.gov/pubmed/20206988
http://dx.doi.org/10.1016/j.biomaterials.2008.12.057
http://www.ncbi.nlm.nih.gov/pubmed/19152972
http://dx.doi.org/10.1016/j.actbio.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22617742
http://dx.doi.org/10.1021/acs.nanolett.5b03598
http://www.ncbi.nlm.nih.gov/pubmed/26745552
http://dx.doi.org/10.1007/s10439-016-1704-5
http://www.ncbi.nlm.nih.gov/pubmed/27503606
http://dx.doi.org/10.1038/nrrheum.2014.157
http://www.ncbi.nlm.nih.gov/pubmed/25247412
http://dx.doi.org/10.1089/ten.2006.12.2171
http://www.ncbi.nlm.nih.gov/pubmed/16968158
http://dx.doi.org/10.1016/j.carbpol.2005.08.052
http://dx.doi.org/10.1093/glycob/cwi031
http://www.ncbi.nlm.nih.gov/pubmed/15616125
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Heparin Molecular Structure and Physical Properties 
	Biological Properties of Heparin and Structure-Function Relationships 

	Sulfated Alginates 
	Properties of Alginate 
	Synthesis and Characterization of Sulfated Alginates 
	Chemical and Physical Properties of Sulfated Alginates 
	Effects of Sulfated Alginates on the Coagulation Cascade 
	Immunological Effects of Sulfated Alginates 
	Sulfated Alginates in Tissue Engineering and Drug Delivery 
	Structure-Function Relationships in Sulfated Alginates 

	Conclusions and Future Directions 

