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Abstract:

Polysaccharides are among the most abundant macromolecules on Earth. These polymers are easily
obtained from various marine resources such as algae, microorganisms and crustacean shells. The
structure of these natural carbohydrates is innovative and quite complex. Marine biopolymers
represent key scaffolds toward large challenging fields, such as biomedical applications
(glycosaminoglycans, regenerative medicine and drug delivery) and tailored biomaterials. Chemical
modifications can be applied to modify their final properties in a specific purpose. New functional
glycans are achievable and represent a real potential with their intrinsic biocompatibility and
biodegradability.

Hydroxyl groups are ubiquitous in polysaccharides structure and involved in most of the chemical
modifications. The most useful functionalities are ester, ether, amide, amine and alkyl groups. The
starting materials could be a natural or depolymerized polymers and the reaction considered with a
regioselective point of view.

In this review, we will focus on chitin polysaccharide, which is extracted according to industrial
processing from exoskeleton of several marine crustaceans. A subsequent deacylation provides
chitosan. This marine polysaccharide is very similar to cellulose, a widespread fiber plant organic
polymer, except for an amine group on the C2 position instead of a hydroxyl group. Furthermore,
seaweeds provide the most abundant sources of polysaccharides: alginates, agar/agarose,
carrageenans and fucoidans. In order to improve the original physicochemical and biochemical
properties, we will highlight the chemical modifications involving the listed marine polysaccharides of
interest.
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1. INTRODUCTION
Polysaccharides are widespread macromolecules available from natural resources. Their structural diversity
makes them attractive since they are not easily attainahlehemical synthesis. A striking advantage of
polymeric carbohydrates is their inherent characteristics such as biocompatibility, biodegradability and non-
toxicity towards living organisms. These natural molecules of interest can be considered as sustainable
substances with the real improvements in biotechnological techniques reducing the resource consumption and
increasing economic benefits. The development of the blue (or marine) biotechnologies is one of the key factors
responsible of the rapid expansion of these biopolymers.
Depending on the final purpose of their utilization, natural properties of polysaccharides can be enhanced by
structural modifications. In this review, we will focus on chemical modifications of typical marine
polysaccharides bearing reactive functional groups. The introduction of a new reactive group will not change
fundamentally the backbone of the macromolecules but will unlock advanced modifications required in specific
applications. We will concentrate on the most representative polysaccharides extracted from marine
environment: chitin and its derivative chitosan, alginates, carrageenans and agar. As the chemical structure of
marine polysaccharides depends on various factors such as sources, seasons, environmental conditions and the
method of extraction, we will consider here each generally admitted repeating unit with their most representative
functional groups.
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Fig. 1 : common marine polysaccharides



First of all, chitin is the second most abundant polysaccharide just after cellulose. It is a linear high-molecular
weight (HMW) biopolymer with a repeating unit constituted3efl=>»4) linked N-acetylglucosamine (GIcNAc)
residues=>4)-3-D-GlcNpAc-(1= (Fig. 1). Three reactive chemical groups are present onto the chitin GIcNAc
structure, which are primary and secondary hydroxyl groupsNaadetylated primary amine. Focusing on
marine origin, chitin is found in several invertebrates as a structural componenegégkeleton of arthropods

such as crustacears.d.shrimps, crabs, lobsters and shelld) and of theendeskeleton of mollusks. The crude

chitin is a highly ordered crystalline molecule outlined with strong inter- and intramolecular hydrogen bonds.
Depending on its sources, two allomorphs occur: aburmahitin and rare-chitin. Thea form is defined by

an antiparallel arrangement of the sugar chains, which induces a great stability of the structure. Whereas chains
in B-chitin are packed in a parallel arrangement giving weaker intermolecular forces that leads to both higher
reactivity and affinity towards solvents. We highlight here that solubility is an important factor that can restrict
polysaccharide chemical modifications or not.

As a consequence, a wider range of chemical reactions was successfully applied to chitin in order to obtain the
deacetylated chitin derivative: chitosan. Chitosan is thus composddacktylglucosamine residues and
connected througB-(1=»4) glycosidic linkage=4)-3-D-GlcNpAc-(1=4)-D-GlcNp-(1=> (Fig. 1). The only
difference between the two structures of chitin and chitosan is the deacetylation degréwe ratio of
deacetylated units in the polymer chain. Chitosan is defined with a deacetylation degree between 50% and 90%
or more generally, chitosan is soluble in dilute acetic acid solution below itsepi(®.6) while chitin is not.

The major difference of reactivity between these two similar compounds is the primary amino group bearing in

the glucosamine units of chitosan, introducing a potential cationic nature with its protonated form.

Much attention has been dedicated to alginates which are quantitatively the major polysaccharides contained in
the cell wall of brown algae (Phaeophyta). It is both a biopolymer and a polyelectrolyte. This unbranched
anionic copolymer is composed of irregular sequences of mannuronic acid (M block) and its C5 epimer,
guluronic acid (G block)=»4)-3-D-ManpA-(1=>4)-a-L-GulpA-(1=> (Fig. 1). These two blocks are different in

the configuration of their carboxyl group which negative charge density could be tuned by pH as the alginic acid
form is insoluble in water. The solubility of alginates depends on the M:G ratio and temperature. Alginates are
able to form gels in the presence of bivalent ions, notabfy. This marine macromolecule is the functional

analogue of pectin, found into the higher plant. Poly-M sequences show linear and flexible conformation while



poly-G sequences introduce steric hindrance around the carboxyl group. According to the types of brown
seaweed, the seaweed age, the part of the plant (frond, stipe or anchor) but also the time of year, the M:G ratio
varies in alginates and can affect the final composition and properties of alginate polysaccharide. Along the
backbone, free hydroxyl groups and carboxyl groups could undergo different chemical modifications to

synthetize relevant derivatives.

Another anionic polysaccharide of marine origin is carrageenan, generic name for a family of linear sulfated
polymers extracted from species of red seaweeds (Rhodophyta). Their repeating unit is made up with two
monomers derived from galactose. These hydrophilic galactans are classified according to the type of residue
(e.g. G unit= 3B-D-galactopyranosyl, D-unit= d&-D-galactopyranosyl and DA unit= 3,6-anhydxeD-
galactopyranosyl) and differ on the number and position of the ester sulfate grou2js T8gfe are three main
commercial classes of carrageenans bearing one, two and three sulfate groups per disaccharide respectively:
kappa k: G4S-DA), iota (: G4S-DA2S) and lambda ( G2S-D2S,6S)-carrageenans (Fig. 1). The best solubility

into water is reached with the highest level of sulfate groups on the backboemeageenans are soluble at all
temperatures whereasandi carrageenans, their potassium salts are soluble oveE€ @&dd their sodium salts

are soluble at room temperature. Several chemical modifications of their free hydroxyl groups have been applied

to carrageenans in order to modulate their physicochemical properties.

A last example of abundant and commercially available natural carbohydrate polymer extracted from red algae is
agar-agar or simply agar. Accumulated in the cell wall of agarophytes, agar is a complex polysaccharide made
up with a mixture of predominant neutral linear agarose and charged heterogeneous agaropectin with various
kinds of substituents. The structure is a mixture of water-soluble galactans derivatives similar to carrageenan.
The principal difference between agar and carrageenan is that (1-4) linked residues in agar are a L-enantioner,
whereas in carrageenans, it is a D-enantiomer. As shown in Fig. 1, agarobiose is thus a disaccharide with a
repeating unit=»3)-3-D-Galp-(1>4)-3,6-anhydraa-L-Galp-(1=». 3,6-anhydro-L-galactopyranosyl group is

mainly responsible for the gelation properties and gel strength. The chemical nature of isolated agar is influenced

by various factors as described for alginates.

This review will focus on the chemical modifications of the reactive functional groups carried on the backbone

of the carbohydrate polymers. Examples applied to the four marine polysaccharides previously mentioned will



be described. Two kinds of modifications will be discussed in detail such as substitution reactions and chain
elongationvia graft-copolymerization, cross-linking, polymer network and hydrogel formation. However, the
very useful depolymerization reaction (chemical, physical or enzymatic) in order to obtain low-molecular weight
(LMW) polysaccharides will not be broach here. Furthermore, it is noteworthy that we examined economically

and industrially relevant polysaccharides that are the most explored and coming from sustainable sources.

The general chemical modifications outlined can be applied to other carbohydrates if the same reactive
functional groups are carried on their backbone. As an example, fucoidans are also important sulfated starting
material from the sea widely present among the brown algae. Only few structures have been established and they
are often complex, heterogeneous and divedkdrf agreement with IUPAC recommendations, we stressed that
sulfated fucans are polysaccharides based mainly on sulfated L-fucose with less than 10% of other
monosaccharides. This term was applied to the sulfated fucans found in marine invertebrates, whereas the term
fucoidan has been used for fucans extracted from algheSulfate groups on the C2 or C4 of the
monosaccharide may substitute thé&-fucopyranosyl residues.

Lastly, ulvan extracted from green seaweeds (Chlorophyta) is also a very attracted sulfated biopolymer from
renewable resources. Ulvan polysaccharides showed complex heterogeneous chemical composition, which

varies depending on several factors including the taxonomic and ecophysiological origins of the algal sources

[5].

Chemical modifications are a very efficient tool to improve the inherent properties of a molecule. Nevertheless,
the modification of carbohydrate polymers presents some difficulties that have to be overcome iguch as
complicated reaction conditions in order to make the most homogeneous mi€dlam,selectivity because of

the high number of the same reactive groups along the backidorarious side reactions difficult to avoid and

iv) low yield of the expected final compound after purification techniques. These difficulties are mainly due to

the heterogeneity of this kind of biomolecules, composed often of a mixture of polysaccharide chains.



2. CHEMICAL MODIFICATIONS BY SUBSTITUTION REACTION

Efficient modification reactions have been developed in order to obtain well-defined advanced functional
derivatives. Derivatization by introducing either small functional groups or new molecules of interest for

targeted application can really improve physico-chemical properties of the starting polysaccharide. Several
reviews describe chemical modifications of chitin/chitoséhgnd alginates7]. Carrageenans can also be

chemically modified but the literature is less abundant for this polysacch@}ide [

2.1.Carboxyalkylation of chitin/chitosan

The process of carboxyalkylation introduces acidic groups on the polymer backbone. The resulting derivative
bears additional carboxyl groups as potential anionic charge with solubility depending on pH.
Amino groups and hydroxyl groups are very reactive functionalities an@®-tiversusN-selectivity has to be
discussed using different reaction conditions.
Carboxymethylation of chitin and chitosan is a suitable way to overcome the limited solubility of the native
polysaccharide. The hydrophobic methyl group disrupts the tough hydrogen bonds into the crystalline structure
and the carboxyl group also enhances the solub#fity The resulting product is a glucan carrying pendant
glycine groups. It is noteworthy that the reaction conditions applied could induce side reactions Nuch as
deacetylation, furnishing amphoteric compounds having both free carboxyl and amino groups or/and
depolymerization of the native backbone of the carbohydrate polyider [
Starting with the chitosan activation by soaking it into a sodium hydroxide solution, the first method of direct
alkylation induces the preparation of carboxymethyl-derivatives with monochloroacetic acid. The applied
reactions conditions allow thé- versus Oselectivity of the substitution (Fig. 2):
- the reaction medium is important because the solvent is a mixture of watésoprmpanol with
optimal ratio of 1:1 and 1:4;
- a mildly alkaline medium (pH 8-8.5) induces only amino group activation and yields mono Erd di-
substituted compounds; while higher alkali conditions afford a final product as a mixtireuod
O-alkyl derivatives. The reaction proceeds at the C positions of the hexose preferably in the order
OH(C6)>0H(C3)>NH(C?2) yielding a respective amount of each product of 0.7>0.47>0.2. In fact,

a NaOH solution at 50% seems to provide the best conditions in the carboxymethylation process.



At lower concentration, the tough crystalline organization of chitosan makes difficult the entrance
of the chloroacetic acid into the polymer chains lowering the final degree of substitution (DS);

- the ratio of amine/acid determines the selectivity and the degree of substitution (1:1 for low DS to 1:4
for high DS).

To resume, direct alkylation reaction employs mild alkaline pH as well as inexpensive reagents and allows

easy scale-up process.

OH OH OH

OHC _ _CO-H NaCNBH;
S < -
, o| 1%acon 0 0 0
HC NI HO N HC N
I HO,C —_/
n H(_)T(.’J n > n
2 HO,C
Schif T Base
OH CO,H
OH . N 0 OH {
0 Ch oA ()/m 0 0
0 — HO 10 ' 0
HO 0 NH HO (0]
NH, ; . N_ || no 0
HO,C HO,C —7 7 NH,
n
L L HO,C

m n [

Fig. 2 : carboxyalkylation methods of chitosan

However, N-carboxymethyl-chitosan is well defined and can be prepared in a very efficient way by using
reductive amination. The first step is the Schiff base formation between amino group of chitosan and reagent
bearing an aldehyde group.§. glyoxylic acid) or a ketone group. The resulting imine group is subsequently
reduced €.g. NaBH, or NaCNBH,). Even so, partial production &fN-dicarboxymethylated derivative cannot

be avoided because of the high reactivity of the glyoxylic acid (Fig. 2). Furthermore, this method requires
relatively expensive reagents and it is not easily applied to a larger scale.

This protocol could be extended with several other aliphatic or aromatic carboxylic acids providing higher
homologs of the carboxymethyl-chitin or -chitosan.

Moreover, in comparison with the starting marine polysaccharide, these carboxyalkylated derivatives carry two
reactive groups: remaining NHind new CGH. Additional modifications could be envisioned such as amide
formation following classical methods of acylation, alkylation and more particularly quaternization of the amino

group and even grafting (see next parts).



2.2.Acylation

22.1 Chitin/Chitosan
A major limitation for chemical modification of marine polysaccharides is their poor solubility in organic
solvent in order to undergo homogeneous reaction conditions. An obvious solution is to introduce hydrophobic
moieties into the biopolymer structure to promote chemical reaction.
The smallest acyl group is the acetyl group, which can be introduced sluggishly onto chitin under heterogeneous
conditions. Drastic conditions such as acetic anhydride and hydrogen chloride or methanesulfonic acid
(MeSQH) are necessary to fulfill extensive acetylation of chitin. These strongly acidic systems cause partial
degradation of the polysaccharide backbone. Reaftefitin is not soluble in organic solvents but can swells
in common solventi.e. methanol. DirectN-acetylation occurs in methanol thanks to acetic anhydride to give
poly(N-acetyl-D-glucosamine). Furthermofgchitin in pyridine is peracetylated with acetic anhydride as well
but requires the presence of 4-dimethylaminopyridine (DMAP) used as catalyst in order to obtain a fully
acetylated chitin. Scard&chitin is a more versatile starting material than the abunalahiitin. Acetylation of
a-chitin with structural uniformity to give a high degree@facetylation is more difficult; accordingly, more
drastic conditions are required for its full acetylation. Taking advantage of solubilization properties of an ionic

liquid, acetylation ofx-chitin was successfully performed in 1-allyl-3-methylimidazolium bromidg. [

As chitosan is a versatile molecule, various reactive functionalities along its chains can be involved during
acylation. Reaction conditions can be selected to control the acylation reaction on an expecdtedesiter
amino, hydroxyl or both groups. Acylation proceeds preferentially at the free amino groups (C2) and then more
slowly at the hydroxyl groups (C3 and C6)acyl derivatives of chitosan with hydrophobic side chains have a
more soluble range than native chitosan. A wide variety of reagents yield chitosan derivatives with amide
linkage owing taN-acylation reaction (Fig. 3):
- Acyl chloride or anhydride bearing various chains can be esgdsaturated or unsaturated acyl groups
with different chain length as well as aromatic acyl groups;
- Less reactive carboxylic acids can react mediated by a coupling aggettydrosoluble carbodiimide
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride), NHS N- (
hydroxysuccinimide) or CDIN-N'-carbonyldiimidazole), converting carboxylic acid group into an

activated intermediate;



- Cyclic acid anhydrides are successfully used giWWagarboxyacylated chitosan derivativeia ring-
opening reaction with terminal carboxyl group;
- Cyclic esters (lactones) yield derivatives whhhydroxyalkanoyl groups with a terminal hydroxyl
group.
It is noteworthy that terminal hydroxyl or carboxyl groups can further be chemically modified depending on the

targeted properties.
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Fig. 3 : acylation of chitosan

O-acyl chitosan derivatives are interesting because of their ester linkage introdu@edcilation reaction.

Besides the contribution of a hydrophobic moiety, these molecules could be hydrolyzed by enzymes and are
designed as biodegradable materibi€D-acyl chitosan was proposed in Mess{J12]. This solvent acts also as

a protonating agent in order to form amino group salts. As a result, the substitution occurs preferentially on the
hydroxyl groups. Since amino group is more reactive than the two hydroxyl groups, a protective group is often
necessary to prepakéO-acyl chitosan. In order to mask the amino grduyphthaloyl-chitosan13] derivatives

are frequently chosen as intermediate. Thus, two additional steps of amino group protection and cleavage are

necessary to induce chemoselectivity. One-pot synthesis f@-#uylation of chitosan has also been reported in

MeSQH [14].
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2.2.2 Alginates
Native alginates are modified by direct esterification with alcohols in excess and in the presence of a catalyst.
The only derivative with a commercial value is the propylene glycol esters of algirigteButyl ester of
alginate is prepared starting from alginate sodium salt through esterification with butanol catalyzed with
concentrated sulfuric acid. The afforded material has kept the gelling and non-toxic properties of native alginates
[16]. The use of carbodiimide coupling agent is also feasible. DMAP catalyst is added in order to obtain
cholesteryl ester of alginate, which can self-assemble into more stable and compact nano-aggregates compared
to native sodium alginatelf]. Esterification of the carboxylic acid group of alginates can ocgar
tetrabutylammonium salts to induce solubility in dimethylsulfoxide (DMSO) and reaction toward alkyl halide
[18].
Preparation of alginate derivatives with amide linkage occurred between the carboxylate moiety of alginate
backbone and an amine function. Classical peptide coupling agents, such as EDC, allow the amide function
formation as additional hydrophobical pat®]. This process is not very efficien2(] and not completely
regioselective because of numerous alcoholic functions on the polysaccharide backbone which may react as well

and form esters groups.

2.3.0Oxidation

2.3.1. Additional carboxyl group
A comment on the direct oxidation at C6 position of the chitosan is relevant in order to introduce a carboxylic
acid function on the chitosan backbone. The 2,2,6,6-tetramethylpiperidine-1-oxy radical (TEMPO)
/NaOCI/NaBr system oxidized the primary hydroxyl group of the chitosan after protection of the amine moieties
in view of the characterization of the reaction produz1d.[This system was previously used for chit2 23],
N-acetylated chitosan [23] and chitosad ||
Oxidized alginates have received much attention because they present more reactive groups, a faster degradation
and are used as supports for drug controlled delive$y. [On alginates, oxidation occurred at C2 and C3
position of the uronic acid units and are performed with sodium periodate. Two aldehyde groups are obtained in

each oxidized monomeric uniz4].
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2.3.2. Chemical modifications of the carboxyl group

2.3.2.1. Esterification

Introduction of ester groups on the polysaccharide backbone was explained in the previous acylation part.

2.3.2.2. Multicomponent reactions
The Passerini three-component condensation (Fig. 4) involves a carboxylic acid and a carbonyl (ketone or
aldehyde) condensed with aocyanide and after acyl rearrangement and tautomerization, finally ydelds
hydroxycarboxamide. Natural uronans or artificial ones, obtained by selective oxidation of primary alcohol
group or carboxymethylation, are interesting because they can react in more regioselective 284ction [
The Ugi four-component condensation (Fig. 4) between an aldehyde, an amine, a carboxylic acid and an
isocyanide allows the preparation @faminoacyl amide derivatives in one step. This reaction is useful to have
access to peptidomimetics. The carboxylic acid function of alginates is involved in this multicomponent reaction.
After 24h under vigorous stirring, the reaction medium is formally dialyzed and then freeze-dried in order to

obtain the final product?].
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Fig. 4 : multicomponent reaction with chitosan

2323 Amidation
Preparation of a polysaccharide with amide linkage occurred between a carboxylate moiety and an amine

function. Various protocols were detailed in the previous acylation part.
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2.4.Alkylation of chitin/chitosan

Different procedures can be applied in order to introduce alkyl chains onto biopolymer backbone to confer
hydrophobic nature (Fig. 5). The most reliable way of synthesis is to use reductive amination with Schiff base
intermediate as previously described. Amino group undergoes reaction with aldehyde or ketone group furnishing
an imine group, which could be consequently reducedl-talkyl chain upon hydrogenation with hydride.
Another possibility is to use direct alkylation between the polysaccharide and an activated reagent such as an

alkyl halide or an epoxide. The ratigO-substitution is thus determined by reaction conditions.
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The free primary amino group of chitosan undergoes Schiff base formation with aldehyde or ketone groups and a
subsequent reduction provides the corresponding alkyl chitosan derivative, which could eventually be further
guaternized on the amine group. Reductiralkylation of chitosan can be conducted with various aldehydes
and saccharide29,30]. Regarding reducing sugars, reductive amination proceeds with the aldehyde group of
the open-chain form.

In order to keep all glycosidic linkage, reductive amination can also be applied to sugars bearing an aglycone
part as a spacer with reactive aldehyde group. Consequently, the sugar part is incorporated without opening the
sugar ring. Since the first reports of this approagh|,[the new sugar introduced on the polysaccharide
backbone could also contain other functional group, which do not react during the retlbatiygation and

finally give new useful intermediate for further applications. For example, sialic acid is a prevalent sugar of the
glycoproteins and glycolipids on the mammalian cell surface, which play a key role for a number of pathogenic
infections. Sialic acid bound to chitosan was prepaiacg-formylphenyla-sialoside by reductive amination

[32]. Since the obtained derivative was insoluble in water, subsedNssntcinylations were performed to

afford a water-soluble derivativ8ZErreur ! Signet non défini.,33].

Otherwise, alkylchitosan derivatives could be achieved through a direct alkylation reaction with alkyl halides
under basic conditions. For example, the use of 2-bromobutane introducssbaryl group on amino and
hydroxyl groups of chitosan that enhances the solubility of the biopolymer in neutral aqueous Hitidhi§

improved solubility could be attributed to the reduction of crystallinity of chitosan derivative. Reaction
conditions €.g.reaction time, temperature, and concentration of reactants) affect the degree of deacetylation,
degree of substitution, viscosity-average molecular weight and viscosity of thes@matlyl chitosan derivative.
Authors have underlined th#&obutylchitosan presented chain degradation during alkalization and alkylation
procedures. However, this alkylchitosan has a better biodegradability and the same non-cytotoxicity compared to
chitosan.

Hydroxyalkylation process produces derivatives bearing an additional hydroxyl group. Direct alkylation is
carried outvia epoxide-ring opening occurring at the less substituted carbon under basic conditioas or
substituted alkyl halide. Depending on reaction conditions, hydroxyalkylation may take place preferentially at
amino function or hydroxyl group, yielding-hydroxyalkyl orO-hydroxyalkyl derivatives or a mixture of both

[35]. 2-hydroxyethyl derivative (or glycol derivative) is achieved thanks to ethylene oxide [6a] or 2-
chloroethanol 36] in alkaline medium. The reaction of chitin with ethylene oxide would induce side reactions

such as deacetylation under strongly basic conditions or polymerization introducing oligo(ethylene glycol) side

14



chains. These side reactions lead to structurally ambiguous derivatives. Furthermore, two hydroxyl groups could

be introduced in one step using glycidol or 3-chloropropane-1,23iidl [

The increase of the cationic character of chitosan has many advantages and offers a broad range of applications
[6g]. Subsequent methylation of the amino group of chitosan can be achieved with methyl iodide in alkaline
solution of N-methyl pyrrolidinone (NMP) 38]. N,N,Ntrimethyl chitosan chloride was obtained after ion-
exchange with sodium chloride (Fig. 6). These reaction conditions lead to polymer chain s8&iparfial

and uncontrolledd-methylation f0] and the degree of quaternizatiofi] is difficult to control. Another two

steps method is described to synthetize the expétted\trimethyl chitosan derivative with tailorable degree

of quaternization and avoid3-methylation and chain scission as side reacti#]. [It is noteworthy thaO-
methylation decreases the quaternized chitosan solubility [40a]. Another method was also proposed using

dimethylsulfate as active reagent without solvei3f .
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Fig. 6 : quaternization of chitosan

Other quaternary ammonium chitosan derivatives can be prepdailyl derivatives obtainedia reductive

alkylation can be subjected to subsequent quaternizadidh The ammonium part could also be directly

15



introduced as side chain on the biopolymer backlv@nBl-hydroxyalkylation with quaternized epoxides such as

glycidyltrimethylammonium chloride45] or O-alkylation [46].

2.5.Sulfation
Chemical modification of biopolymer is often performed to generate new biofunctional materials without
modifying the fundamental backbone and with the purpose of keeping the original physicochemical and
biochemical properties.
Focusing on medicinal applications, sulfated polysaccharides are very attractive bioactive products. For
example, heparin is the anticoagulant and antithrombotic agent the most commonly used in the prevention and
treatment of venous thrombosig7|. This essential commercially available drug is extracted from mucous lining
of pig intestines. Because of its animal origin, the heparin can be potentially contaminated with pathogenic
agents or chemical contaminants. The presence of chemical contaminants such as antatrassifalted
disaccharide repeating unit has been reported, they can provoke fatal anaphylactic redgot3esAp a
consequence, marine bacterial polysaccharides are a promising response to reduce, indeed avoid, the risk of
contamination with mammalian pathogenic agents.
Chemical sulfation is an efficient tool to obtain semi-synthetic heparin-like drugs from non-mammalian
polysaccharides complying with a glycosaminoglycan (GAG) strat&@jy [
For improving the production of GAG-like derivatives, one-step chemical sulfation of polysaccharides is a
challenge because this step presents several limitaiphsinging together hydrophilic natural macromolecules
and organic reagents in homogeneous conditi@isdifficulties for driving the reaction to completion due to
anionic crowing which increases with the number of linked sulfate groiids, lack of control and
reproducibility toward the reactiore.Q. regioselectivity),(iv) lability of sulfate groups in acidic conditions or
with high temperatures angV) difficulty to remove high proportion of inorganic salts at the end of the
reactionp1]. Considering that sulfate groups are sensitive and that highly sulfated products have valuable
biological targets, sulfation reaction is mostly carried out as final chemical modification of the polysaccharide.
The biological activity of polysaccharide depends on several structural parameters such as the degree of sulfation

(DS), the molecular weight, the sulfation position, type of sugar, and glycosidic brang®jng [
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2.5.1. Chitin/Chitosan
One of the major interests about sulfated chitin/chitosan is the application as analogue of the natural blood
anticoagulant heparin but also as novel biomatersdk [
Sulfation reaction carried out on multi-functional polysaccharides, such as chitin or chitosan, would insert
structural heterogeneity in polymer chains with randéy@-sulfation (Fig. 7). This phenomenon is increased
because of the heterogeneous medium of the conventional sulfation pro&ddutei very difficult to prepare
sulfate derivatives with high degree of substitution vali&§. [Harsh reaction conditions applied can lead to
severe molecular degradation and other side reactions resulted in products with dad6cefiad.
Chitin and chitosan sulfate esters have been prepared using various sulfation reagents including concentrated
sulfuric acid p7], oleum [58], chlorosulfonic acid §9], sulfur trioxide p0], sulfur trioxide complexé.g. with
pyridine [61], trimethylamine $2]). After chemical modification, the ability of forming hydrogen bond was
decreased. The thermal stability Bfalkyl-O-sulfated chitosan was less than the starting chitosan. As a
consequence, introduction of substituents into polysaccharide should disrupt the crystalline structure [59].
Sulfation reaction are performed in usual solveh® uch as formamidd\,N’-dimethylformamide (DMF),

DMSO or pyridine and carried out on low-molecular weight polysacchasile [

In order to obtain well-defined sulfated-chitosan derivatives, seleGtiselfation could occurs starting froli

acyl orN-alkyl chitosan. Moreover, an additional trityl protective group on the primary hydroxyl group on C6
position of the chitosan could allow sulfation on remaining reactive positions or permit modification on other
positions and keep hydroxyl group on C6 position after deprote@ijn [

It was also reported that the sulfate group could be introduced thanks to a sulfated side.gHafiorfyl-2-
furansulfonic acid, sodium salt) using the mild conditions of the Schiff reaction to avoid polymer degradation

andO-alkylation [66].
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25.2. Alginates

Sulfated alginates show a high blood compatibility and anticoagulant activity because of its heparin-like
structure 67]. In addition to classical sulfation reaction achieved with chlorosulfonic acid in formastiie [
carbodiimide coupling chemistr$9] or unusual sodium bisulfite and sodium nitrif®] were also used.

Sulfation sequence and pattern have not been yet controlled and identified precisely (Fig. 7).

2.6.Phosphorous-containing derivatives

2.6.1. Chitin/Chitosan
Several techniques to obtain phosphorus-containing derivatives have been proposed (Fig. 8). Bactericidal,
biocompatible, bioabsorbable, osteoinductive and metal chelating properties justify the interest on phosphorus-
containing chitin/chitosari7fl].
Phosphorylation of hydroxyl groups of chitosan to give phosphonate has been studied according to two main
ways: i) phosphorus pentoxide 4Bs)- methane sulfonic acid system?2], ii) phosphoric acid (kPQy) in the
presence of ured/B]. Water-solubleN-mono andN-di-phosphonicmethylene chitosan have been prepared with
phosphorous acid @R0O;) and formaldehyde sequentially or simultaneously in aqueous acidic megddm [
Namely, a three-component coupling of a carboeyy.(formaldehyde), an amines.g. amino group of the
chitosan) and a hydrophosphoryl compound leadsaminophosphonate following Kabachnik-Fields reaction.

Phosphorylated chitir7b] and chitosan76] can also be prepared usingR@,/Et;P O,/P,Os/hexanol method.
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2.6.2. Alginates

Phosphorylated alginate derivatives were described to evaluate their ability to induce hydroxyapatite nucleation

and growth 77]. Phosphorylation of alginate was achieved using a heterogeneous urea/phosphate reaction.

Regioselectivity of phosphorylation reaction was studied using NMR spectroscopy. It is noteworthy to highlight

that the high acidity of the reaction significantly decreases the molecular weight of the resulting phosphorylated

alginate derivative obtained. As a result, it diminished the ability of the resulting polysaccharide to form calcium

cross-linked hydrogels. Blending unreacted alginate with phosphorylated alginate derivatives could form

calcium cross-linked gels. Such gels showed higher resistance to calcium extraction compared to gel formation

using only unreacted alginates.
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2.7.Thiolation of chitin/chitosan

Widely investigated for non-invasive drug delivery, thiomers are thiolated polymers which backbone bears thiol

(or sulfhydryl) group ligands. Unexpected oxidation of the thiol group during synthesis can be avoided by

performing the reaction under inert conditions. Alternatively, reaction can be conducted at pH below 5 inducing

a low concentration of thiolate anions and the disulfide bonds can be excluded. Thiomers remain sensitive and

reactive molecules [6g]. The amount of thiol groups remaining on the polymer can be finally determined by

Ellman’s method78].

Derivatization of the primary amino group of chitosan with reagent displaying thiol functionality provides

thiolated chitosan derivatives. Mucoadhesive, permeation enharicisitu gelling, efflux pump inhibitory,

controlled drug release properties and biodegradability are impr@9gdvarious techniques have been applied

in order to obtain these thio-derivatives (Fig. 9).
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N-acylation previously mentioned is a typical procedure to obtain thiol-bearing comp@&dd¥if coupling

reagent €.g carbodiimide), designed activated carboxylic acid (sulfhydryl-bearing compo@afisiych as
cysteine or thioglycolic acid) can form amide bond. 2-iminothiolane reagenta(cyclic thioimidester or
thioimidate) can react with chitosan in order to provide positively charged conjugate with amidine bond. For
example, chitosan-4-thiobutyl-amidine is obtained but shows an insufficient stability event stored under nitrogen
[82]. In order to achieve the same properties of the previous chitosan derivistpeopyl-S-acetyl
thioacetimidate hydrochloride was used to give resulting chitosan-thioethylamidine derig&fivérylthiol-

bearing molecules linked to chitosan thanks to amide bond can also be olRained [

2.8.Regioselectivity

As polysaccharides are complex macromolecules with several reactive groups, protective groups can be utilized
in order to make chemical modification on a specific position. As a result, reliable key intermediates for
regioselective chemical modifications are synthetized to provide stable derivatives that are structurally well-
defined compounds. The transformations have to proceed smoothly in a quantitative term of the degree of

substitution.

2.8.1. Amino group at C2 position : N-Phthaloylation
N-phthaloylation is the most common technique for protection of the amino group of the chitosan as well as for
enhancement of the solubility of the polysaccharide in common organic solvents. In order to avoid inherent mix
of N-O-phthaloylation on chitosan and subsequent removin@-phthaloyl groups, phthaloylation can be
realized in the presence of some water. A fullN-phthaloylchitosan is obtained which is a convenient
intermediate to introduce first substituents at the C6 position and then regenerates the initial amine group thanks
to final hydrazinolysis step [13]. Even if tiephthaloylation is a well-known procedure, some reports noticed a
significant decrease in molecular weights with the applied amino group protection-deprotection s@@tegy [
The polysaccharide backbone degradation has to be taken into consideration when preparing derivatives for

different applications.
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2.8.2. Primary hydroxyl group at C6 position: O-Tritylation, O-Tosylation, O-
Trimethylsilylation

Preparing advanced functional materials is essential to perform reactions in a well-controlled manner. Thus,
bulky protective groups could be introduced at the less hindered positip@§ hydroxyl group). Starting from
N-phthaloylchitosan§6], triphenylmethylation (tritylation, Tr) op-toluenesulfonylation (tosylation, Ts) can be
conducted. More than a real protective group, tosyl group is considered as good leaving group for the resulting
activated C6 position. Therefor@-tosyl group can be converted into iodo, methyl or thiol graf.[O-
trimethylsilylchitosan is attractive because it enhances the polysaccharide solubility and eases further chemical

modifications B8].

2.9.Click Chemistry

K. B. Sharpless coined the catchy term “click-chemistB@][and described reactions which are regiospecific,
highly efficient, modular, wide in scope, generating no or harmless by-products, involving readily available
starting materials and reagents. Moreover, this reaction can be performed under simple mild conditions in easily
removable or benign solvents in order to obtain a product requiring no or minimal purification. As a
consequence, several chemical reactions can fulfill these criteria. We will focus here on common click reactions
employed in polymer science and more precisely cycloaddition reactions and thiol-ene couplings.

Development of click-chemistry is a powerful tool in the synthesis of tailored polymers for biomedical and
pharmaceutical applications and their importance increases in the recent literature. Click-chemistry could
overcome difficulties to obtain chemically modified polysacchariges,low selectivity, side reactions, low

yields and low substitution efficiency. The impact of click-chemistry on carbohydrate chemistry, and more
precisely polysaccharide chemistry, has contributed to extensive application to generate complex
glycoconjugates with the postfunctionalisation of polymers with carbohydedigs [

The purpose of this review is not to summarize all of the work to date on the application of click-chemistry in
polymer science but to focus on marine polysaccharides. Useful chemical modifications on targeted groups of

these biopolymers backbone would be highlighted implementing this powerful ligation technique.

2.9.1. Triazole linkage
Two independent research groupd ][ reported the real improvement of Cu(l) catalyst during Huisgen 1,3-

dipolar cycloaddition reaction between an organic azide and a terminal alkyne. The affording product is
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exclusively a 1,4-disubstituted-1,2,3-triazole af fithes faster rate than uncatalyzed thermal reaction. This
coupling process relies on copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC) and the Cu(l) source can be
added directly into reaction, or it is situ generated by reduction of Cu(ll) salts or by oxidation of elemental
copper. CUAAC stands out as a first example of click-chemistry as a valuable tool to modify complex scaffolds
and biomolecules. Later, ruthenium-catalyzed 1,3-dipolar cycloaddition reaction (Ru82JGy4s discovered,

which produces exclusively 1,5-disubstituted-1,2,3-triazoles. This cycloaddition was poorly investigated because
of its sensitivity to solvent and steric demands of azide substituents in comparison to CuUAAC.

To explain the major interest of CUAAC reaction as powerful tool: copolymers can be prepared in one step and
the obtained triazole ring represents bioisosteres of amide bond [90]. Chemical and electronic resemblances
make this heterocycle biologically relevant. 1,4-disubstituted-1,2,3-triazoles prepar@UAAC mimic Z-

amide bond and 1,5-disubstituted-1,2,3-triazoles are similaatmide bond.

Nevertheless, another kind of cycloaddition was investigated giving also triazoles: strain-promoted azide-alkyne
coupling (SPAAC) 93]. This reaction is very attractive because it can avoid copper salt catalysis with its two
major side effects on polysaccharides: depolymerization and contamir@diiom$ react with an azide, a key
intermediate has to be prepared: a cyclooctyne, which can be activated by electron-withdrawing groups.
Unfortunately, difluorinated cyclooctynes are rather difficult to synthe®igg [

A last example of copper-free click reactions is a tandem [3+2] cycloaddition-retro-Diels-Alder ligation method
in which trifluoromethyl-substituted oxanorbornadiene derivatives react with an azide to form a triazole linkage
[96]. The advantage of these oxanorbornadiene derivatives is their easier synthesis in comparison to
difluorinated cyclooctynes preparation. Generally, Diels-Alder reactions have been extensively considered for
the synthesis of dendrimers, star-like polymers, graft-copolymers and other highly congested macromolecular
structures97].

An overview of copper-free azide-alkyne cycloadditions and their perspectives were undéflined |

2.9.2. Thiol-ene coupling reactions
Hydrothiolation of any alkene bond can proceed by either anti-Markovnikov radical addition or base-catalyzed
Michael addition. The radical mediated thiol-ene reaction was reported as “thio-click” in 2007 [99]. Thioether
linkage is provided owing to Michael-type addition of thiols to electron-deficient alkengsagrylates,
acrylamides, vinyl sulfones, maleimides). The high nucleophilicity of the sulhydryl moiety allows the thiol-ene

coupling reaction to proceed under physiological conditions. The significant drawbacks of thiol-ene reactions
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should be pointed out as the prevalent thiol odor and the sensibility of the thiol group towards oxidation, as
discussed previously. Unwanted disulfide bond formation can be avoided by excluding oxygen from the reaction
medium or by adding reducing agents or by using protected thiol group derivatives.

Radical addition of thiols to alkynes has been recently added to the click reactions toolbox for the facile

preparation of multifunctional polymer structuré90].

2.9.3. Examples of “clickable” derivatives
As this review focuses on marine polysaccharides, click chemistry was applied essentially to chitosan derivatives

generating triazole link starting from azido-derivatives (Fig. 10).
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2931 N-azidation of chitosan
The original pathway was established by an azido-functionalisation carried out using a-€ai8@zed diazo
transfer from trifluoromethanesulfonyl azide (triflyl azide, F¥Nor uncatalyzed diazo transfer of triflic
anhydride (T$O) [101]. The reactions were performed until the Kaiser té82] was negativej.e. no free
amino groups remained. A warning was mentioned that neathEfbeen reported to be explosive3]. After
comparison to sodium azide and sodium nitrite and imidazole-1-sulfonyl azide hydrochloride, the most
convenient method of azidation is triflic azide0f]. Azido group could also be brought thanks to an azido-
linker, which reacts with free amino group of chitosd®3]. The application of SPAAC is efficient for
decoration of an azido-PEG linker on chitosan backbone to provide nanostructures with an IgG under

physiological conditions106].

29.3.2. C6 azido functionalized chitosan
Deoxyhalogenationvfa bromide [L07] or iodide [L08]) of N-protected chitosare(g. phthaloyl [107] or Schiff
base 109] protected) and subsequent azidation was described. Deoxybromination and azidation could also occur

without isolation of the intermediaté10].

2.9.33. Oxanorbornadiene approach
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Fig. 11 : oxanorbornadiene strategy applied to chitosan

Introduction of trifluoromethyloxanorbornadiene moiety to chitosan was conduetedspacer bearing NHS-
active ester derivative (Fig. 11). A triazole linkage was successfully created by a cycloaddition reaction, which is

considered as a simple ligation to other functional polymers or inorganic partitigs [
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Rutjes’ oxanorbornadiene approach was recently applied to functionalize alginates involved in metal-free
cycloaddition reaction with azido-cyclic RGD pentapeptide for potential applications in regenerative medicine

[112].

3. CHEMICAL MODIFICATION BY CHAIN ELONGATION
Graft copolymerization is a promising technique to modify or introduce new physical and chemical properties
via covalent linkages of synthetic polymer chains onto polysaccharides for producing novel derivatives useful in
various fields. The resulting graft copolymers possess new properties mainly due to the characteristics of the
synthetic side chains such as length, density or chemical structure. Researches in this field have blossomed
quickly and are still an extremely active subject of study for various applications as in cosmetic, medicine,

sensors or treatments of wastewaters.

3.1.Graft copolymerization

3.1.1. Chitin / Chitosan

3.1.1.1. Grafting initiated by free radicals
Graft copolymerization of vinylic monomers onto a trunk polymer of chitin or chitosan using free radical
initiation has been explored widely in the last thirty years. In order to obtain tailored polysacghaoigerer
with a great variety of functionalities or different patterns, numerous initiator systems were successfully
identified. The earliest redox systems reported in the literature that allow the grafting of vinyl monomers were
based onto the Fenton's reagent{fF&0,), the cerium (IV) ion under acidic aqueous conditions, and tributyl
borane (TBB) 113]. A modified Fenton’s reagent with potassium persulfate (PPS) instead of hydrogen peroxide
has also been reportetiif].
To give a detailed mechanism as example, the Fenton’s reagent is a reductive-oxidative reaction between the
ferrous ions, which comes from ferrous ammonium sulfate (FAS) and hydrogen peroxide leading to the
formation of hydroxyl radicals (Fig. 12) [113a]. Then, hydrogen abstractions due to hydroxyl radicals afford
macroradicals along the polysaccharide trunk that initiate the growth of grafted synthetic chains from vinyl

monomers.

26



H,0, + Fe?* —— HO'+ HO™ +Fe®"
HO'+ Fe?" — HO + Fe’'
HO'+ H,0, —» H,0 + HOO'
HOO'+ H,0, — H,0+HO'+0,

HO'+ Polysaccharide-H —— H,0 + Polysaccharide’
Polysaccharide™+ Monomer ——» Polysaccharide-g-polymer

Fig. 12: mechanism of the redox reaction involved in the Fenton’s reagent

Hydrogen peroxide alone could perform the graft copolymerization, but the use of metallic reducing agents of
type M (e.g F€) allows improvements. The redox reactions produce more radicals at significant lower
temperatures. Also, chitosan is well known for its chelating properties with metal ions; therefore, the production
of hydroxyl radicals could occur closer to the polysaccharidic backbone and enhance the macroradicals
formation instead of free vinyl radicals.

Other initiator systems based on a homolytic bond scission have been derivatized and described for the grafting
copolymerization of chitin or chitosan. Examples include the following initiators: azamigyronitrile (AIBN),
hydrogen peroxide (30,), ammonium persulfate (APS) and potassium persulfate (PPS)1[lEl4-t is
important to underline that persulfate initiators yield anionic persulfate free radicals under thermal or UV
conditions that react with the ammonium functionalities of the chitosan chain. This reaction can lead
subsequently to glycosidic bond cleavages and oligomeric chitb$éah [

An efficient graft-copolymerization of methyl(methacrylate) and styrene on mercaptochitin by a radical
mechanism was reported showing the free radicals issued from a homolytic S-H bond scission of the thiol
functionalities of the chainifL7]. The synthesis of mercaptochitin and grafting reaction conditions are shown on

(Fig. 13) [L18].

OH
o TsCl/ CHCly
HO 0 >
aq. NaOH

NHAc

n n
SH
8] 0
ol + N —_— 0
HO . = "M DMSO HO

]\HAC n 20 (:C. 48 h NHAC

Fig. 13: preparation of mercaptochitin and grafting copolymerization of vinyl monomers
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More recently, a novel redox system based on potassium diperiodatocuprate (Ill) as oxidant and chitosan as
reductant has been published for the copolymerization of methyl acrylate in optimized basic aqueous conditions
(PHopimum= 11.6) [119]. Low energy barrier for the reductive-oxidative reaction and high grafting yields induce

mild reaction conditions and highlight this initiating system as attractive.

3.1.1.2. Grafting initiated by radiations
Another way to generate free radicals able to initiate graft copolymerization of vinylic monomer is to submit an
initiator (e.g. AIBN) or modified polysaccharide®.Q.iodochitin) to radiations (UV, microwavegyadiations).
Those compounds have bonds susceptible to undergo homolytic scission and then form free radicals or
macroradicals. In case @fradiations, the mechanism appears to be less clearly defined. Electron abstraction
occurs on undefined sites along the macromolecule and thus radical cations are produced. Beside this lack of
regioselectivity, high-energy radiation initiations exhibit the benefit to require no additional reagents with the
monomers.
The use of UV-light to initiate graft copolymerization of styrene onto iodochitin was descrii2éj. [
Preparation of iodochitin is a two-step synthesis. Chitin is first converted in tosylchitin as described previously
(Fig. 13). Then, into DMSO, tosylchitin reacts with sodium iodide during one day at 85 °C under nitrogen to
form iodochitin 121]. Under UV irradiation, the C6-I bond breaks down and furnishes macroradicals able to
initiate the grafting. Later, the copolymerization of hydroxyethyl metacrylate (HEMA) monomers onto chitosan
under UV with 4-(benzoyl-benzyl)-trimethylammonium chloride (BTC) as photosensible initiator was outlined
[122].
Recently, the microwave irradiation way to initiate graft copolymerization was expld2ag. [Without the
presence of any initiator or catalyst, poly(acrylonitrile) was successfully grafted onto chitosan. Giitosan-
poly(acrylonitrile) was obtained within 90 seconds under homogeneous conditions, but with a relatively low
grafting yield compared to other techniques previously discussed.
Graft copolymerization of vinyl monomers like styrene, HEMN,N-dimethylaminoethylmethacrylate
(DMAEMA) and butyl acrylate by means of high-energy radiati6i8@ y-radiations) have been extensively
reported {24]. The major parameters of grafting were found to be the total radiation dose absorbed, the rate of

absorption, the exposition time and the monomer concentration.
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3.1.1.3. Grafting via polycondensation
Graft copolymerizationvia condensation reaction has been the subject of few studies because of to the
polysaccharide sensitivity under high temperatures required to carry out the reaction. Nevertheless, some
examples of successful grafting have been reported.
The grafting of D,L-lactic acid (LA) with chitosan was reported in the absence of a catddft |
Polycondensation of-lactide on phthaloylchitosan primary hydroxyl has been realized by use of DMAP as

catalyst [126]. Fig. 14 shows a proposed mechanism of catalytic activation.
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Fig. 14: proposed mechanism for the catalytic activation of L-lactide with DMAP

Condensation of lactobionic acid onto chitosan with EDC and NHS as the coupling agents was petffined |

3.1.1.4. Ring opening polycondensation methods
Only few kinds of cyclic monomers were subjected to this grafting method. The most widely uséd was
carboxyanhydrides (NCA) monometZ8]. Cyclic monomers were also described: lactones, 2-alkyl oxazolines
and epoxides. The ring-opening polymerization mechanism of NCAs is a nucleophilic attack of the chitosan
amino group onto carbonyl A of the NCA. The NCA nitrogen subsequently attacks another anhydride molecule

yielding a grafted polypeptide chain and carbon dioxide (Fig. 15) [1284].
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Fig. 15: ring-opening polymerization mechanism oN-carboxyanhydrides monomers

Despite low degree of polymerization (DP) for grafted chain length, usually lower than 20 units, this method
presents two main advantages: a low homopolymer formation and a control of the side chaingdeéwgeh

concentration.
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Another use of the ring opening method was the polymerization of &ltgpfolactone) as side chains onto
partially deacetylated chitin. The reaction was led into water (as swelling agent) and catalysed by tin(ll) 2-
ethylhexanoatel29].

Living poly(2-alkyl oxazoline) telechelic polymers was grafted onto a partially deacetylated chitin in DMSO
[130]. Cationic ring-opening polymerization of 2-methyl-2-oxazoline were initiated by methyl
trifluoromethanesulphonate producing living poly(2-methyl-2-oxazoline) chains. These chains terminated by the
amino groups of chitosan yielded the grafted polysaccharide and are analogous to telechelic polymers. Poly(2-
butyl-2-oxazoline), poly(2-phenyl-2-oxazoline), and pwglbutylvinyl ether) cation were also successfully
grafted onto chitin or chitosan131]. It is noteworthy that these graft copolymerizations of poly(2-

alkyloxazoline) can also be named as "grafting onto" methods, see the next part below.

3.1.15. Grafting onto method
Unlike the methods previously cited in which the side chains grow from the polysaccharide backbone, grafting
onto method is based on the binding of telechelic polymer terminated functions with the macromolecules (Fig.
16). Telechelic polymers have been defined as those containing one or more functional end groups that have the

capacity for selective reaction to form bonds with another moletB&.[
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Fig. 16: “grafting onto” method with the final polymer

Different telechelic polymers have been grafted onto chitosan: poly-(ethylene glycol) (PEG), polyurethane, poly-
(isobutylvinyl ether), polylactide, poly-(ethyleneimine) (PEI), poly-(dimethyl-siloxane) (PDMS), and poly-
(ethylene oxide)-poly(propylene oxide)-poly-(ethylene oxide) (PEO-PPO-PEO), also known as pluronic polyols

or poloxamers (126, 142, 143).
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Among these, PEGs have been extensively grafted and studied due to their properties in biosciences.
Regioselective PEGylations onto the amino group of chitosan or onto its primary hydroxyl groups have been
described [134, 139].

Chitosan-60-PEG was obtained according to three different synthesis using 6-Nxoh#haloylchitosan, &-
dichlorotriazine-2N-phthaloylchitosan and @-acetyl-2N-phthaloylchitosan intermediates. High degrees of
substitution of chitosar=(90%) and brush copolymers with high density of PEG attachments were obtained.
AnotherO-PEGylation procedure was reported using triazine derivatives as coupling agents with poly-(ethylene
glycol) monomethyl ether (MPEG)33] and with MPEG iodide derivative in order to be released of coupling
agents 134].

Numerous syntheses of chitoS8fRPEG were published with different kinds of linkages. A technique directly
derived from peptide synthesis was used to graft methoxy-poly-(ethylene glycol) acid onto chitosan with an
amide linkagevia activation thanks to carbodiimide/hydroxybenzotriazole system (Fig. 17) [135]. Grafting of

methoxy-poly(ethylene glycop-nitrophenyl carbonate with an urethane linkage was also repa@éti |
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Fig. 17: activation mechanism with the carbodiimide/benzotriazole system

One of the common ways is to follow reductive amination: first, formation of a Schiff base by reaction of
chitosan amino group on an aldehyde-terminated PEG; then, reduction by sodium cyanoborohydride
(NaBH;CN) leads to a chitosad-PEG [137]. Direct reductive aminations have been described by using PEG
acetaldehyde or PEG propionaldehyde with free amine of chitosan to form an imine bond which can be reduced
in stable amine bond 188]. However, some difficulties appear with PEG acetaldehyde use like
autopolymerization and air-oxidation. This could be overcomenbsitu generating of a PEG acetaldehyde

thanks to hydrolysis of a PEG acetaldehyde diethylact38l] [
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Other telechelic polymers of interest are polyurethanes obtained from prepolymers bearing polyurethanes
groups. The resulting polymer are provided by condensation reactions between poly(ethylene glycol) of two
different molar masses andophorone diisocyanate leading to a NCO terminated polyrhé6][ Then,
isocyanate functions react with amino groups yielding chit@spolyurethane.

Poly(ethylene imine) are linear or branched chains composed of an amine group and two carbon aliphatic as
spacer. The grafting proceeds in three steps: first, chitosan chains are crosslinked together with ethylene
diglycidyl ether; then, they are functionalized by epichlorohydrin and a final nucleophilic attack of amine
functions onto the C-Cl bonds leads to the polyaminated chitaddh [

Pluronic polyols (also known as poloxamers) are constituted of three blocks of polyeth&BQ-PPO-PEO)

and could be grafted onto chitosal#2]. One terminal hydroxyl function of polyethers is activated vgith
nitrophenyl chloroformate and reacts with chitosan free amino groups giving urethane linkage.

The synthesis and characterization of chitogguoly(dimethyl siloxane) (PDMS) was described. PDMS
prepolymers were obtained by ionic ring-opening polymerization of octamethylcyclotrisiloxanentsingl

lithium as initiator 143]. Chlorination with methanesulfonyl chloride provides C6-chlorinated chitosan that can
react with the telechelic polymers in order to form the graft copolymers into DMF. Another PDMS prepolymer,
terminated with epoxy functions, was grafted onto chitosan using UV irradiation without catalyst at room

temperature44].

3.1.2. Alginates

3.1.2.1. Grafting initiated by free radicals
Due to their outstanding properties, alginates and their salts have lots of applications in biomedical fields,
purification, food and agriculture. Graft copolymerizations offer the capacity to tune alginates properties by
introduction of new chains. As an example, hydrophobicity and steric bulkiness can be introduced in order to
protect the polysaccharide from dissolution and erosion.
Taking chitosan as an example, the radical copolymerization of vinyl monomers has been widely reported with
various initiating systems. The grafting positions occur usually at the two secondary C2 and C3 hydroxyl groups
and at the C6 carboxylic function.
The use of the Fenton’s reagent for grafting acrylonitrile (AN) onto alginates was destABed\ discussion
was presented wherein H-atom abstraction on the alginate backbone was reported thanks to the Alg-O-H bond

cleavage that results in Alge@adical. It may however be equally or more likely for H-atom abstraction to occur
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by the ring C-H bonds cleavage yielding carbon centered radicals. For alginates as for other polysaccharides, it
should be noted that grafting using a free radical initiator like cerium (IV) ammonium nitrate (CAN) or Fenton’s
reagent is rather unselective, since all C-H bonds of the monosaccharide are labile due to the attached oxygen
functionality. Therefore, it can be expected that graft initiation points will occur at all monosaccharide carbons
[146].

Ceric ion initiated grafting has also been explored with different acrylate monomers like acrylonitrile, methyl
acrylate (MA) or methyl methacrylate (MMA}47]. Highest grafting yields were obtained for AN, followed by

MA, followed by MMA. Very recently, the grafting of itaconic acid (IA) onto sodium alginate using CAN /
nitric acid (HNQ) as redox system to initiate the free radical polymerization was repdd8il The same

grafting copolymerization was published earlier owing to benzoyl perot##].[ The use of CAN as initiator

was also described to synthesize a biocopolymer composed of alginate and polymethacrylonitrile under aqueous
conditions [150].

A superabsorbent composite material was prepared using ammonium persulfate as initiator. The authors grafted
simultaneously styrene and a partially neutralized acrylic acid (AA) in water in the presence of attapulgite and
with methylenebisacrylamide as crosslinkd51]. More recently, the synthesis of superabsorbent sodium
alginateg-poly(sodium acrylate)/polyvinylpyrrolidone and sodium algingdgsly(acrylic acid)/sodium humate

based on the grafting technique initiated by APS was repars]. [

Alginate-g-vinyl sulfonic acid graft copolymer was synthesizaal the graft copolymerization of vinyl sulfonic

acid onto alginate with an efficient system based on potassium peroxydiphosphate and thiourea in an aqueous
medium [L53]. An initiating system also based on potassium peroxydiphosphate was used towards alginate
under inert atmosphere with silver nitrate (Ag)l@ polymerize 2-acrylamidoglycolic acid (AGA) that is a

class of acrylamides containing —OH, —-COOH and —CONH- functional grdsgs. [Another redox initiator

system composed of potassium peroxymonosulphate and glycolic acid allows graft copolymerizétvamybf
2-pyrrolidone under mild condition reactiohs[5].

Previously described with the chitosan, the novel redox system potassium diperiodatocuprate(lll) - sodium

alginate was employed to initiate the graft copolymerization of MA in alkali mediG6i [

3.1.2.2. Grafting initiated by radiations
Compared to chitosan, alginates are not involved in many researches about radiation-induced polymerization.

A microwave-initiated synthesis of alginagggolyacrylamide in water was reportetb[].
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Recently, a grafting process of poly(acrylamide) onto a blend of starch-chitosan-alginate was carried out in the
presence of a low concentration of potassium persulfate initiator and methylenebisacrylamide crosslinker using
microwave or UV 158].

It was also reported photo-cured film of sodium alginate with 3-(trimethoxysilyl)propylmethacrylate(silane) in

order to improve its physico-mechanical properties9].

3.1.23. Grafting onto methods
One example of the grafting onto method frequently reviewed about alginates and hydrogels is the grafting of
poly(N-isopropylacrylamide) (PNIPAAm) to make temperature/pH responsive hydrogels. The pH dependent
response is due to the carboxylic acid groups along the alginate backbone. And the temperature dependent
behaviour is well known for poli-isopropylacrylamide) hydrogels. AlginatePNIPAAmM hydrogels combine
both properties. The grafting occurs into water with the use of EDC and NHS coupling agents between the

alginate carboxylic acid functions and the terminal amine of PNIPAAmM (Fig168].[
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Fig. 18: grafting mechanism with EDC and NHS coupling agents
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3.1.3. Agar

3.1.3.1. Grafting initiated by free radicals
Applying CAN redox system, the grafting of methacrylamide and methacrylic acid was perfolangzde

radical graft copolymerization in agueous and low temperature conditions (306°Q) [

3.1.3.2. Grafting initiated by radiations
Grafting of agar and-carrageenan with poly(vinylpyrrolidone) (PVP) chains with average molecular weight at
10kD in an aqueous medium at pH 7 produced g&WP andk-carrageenag-PVP blends that can form
hydrogels 162]. The reaction was carried out with microwave irradiation in the presence of the water-soluble
potassium persulfate (KPS) initiator.
Grafting of polyacrylamide (PAM) chains was performed onto the backbone of agar by microwave assisted

method and CAN as the chemical free radical initiat63].

3.1.4. K-carrageenans

3.1.4.1. Grafting initiated by free radicals
A novel biopolymer-based superabsorbent hydrogel was synthesized through chemically crosslinking graft
copolymerization of acrylic acid onto-carrageenan, in the presence of a crosslinking gfjght-methylene
bisacrylamide (MBA), and APS as free radical initiatb64]. The proposed mechanism for the grafting and
chemically crosslinking reactions are outlined in Fig. 19. Thus, the persulfate initiator is decomposed under
heating affording sulfate anion-radical. Then, radicals react with hydrogen from the hydroxyl groupgof the
carrageenan giving alkoxy radicals on the polymer backbone. Therefore, this “persulfate/saccharide” redox
system results in active centers on the substrate to radically initiate polymerization of AA and led to a graft
copolymer. Since there is a crosslinking agent in the system, the copolymer has a crosslinked structure. It should

be pointed out that the sulfate radical-anion might also initiate AA homopolymerization.
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Fig. 19: decomposition of persulfate initiator and grafting of AA in presence of MMB as crosslinker

Few years later, the synthesis of a novel type of highly swelling hydrogels prepared by grafting crosslinked
polyacrylic acid-co-poly-2-acrylamido-2-methylpropanesulfonic acid (PAA-co-PAMPS) chains ®nato
carrageenan was described using the redox system previously mentiébed [

As for the grafting onto alginate, a reaction was carried out with novel peroxymonosulphate/glycolic acid redox
system in order to obtain a carrageegad\-dimethylacrylamide copolymer under inert atmosphere [155,
166].

Peroxymonosulphate and organic acid was extensively during the past few years in order to obtain a variety of
graftedk-carrageenan. Thereby, the synthesis of these copolymers was repardecigeenag-vinylsulfonic

acid, k-carrageenag-2-acrylamidoglycolic acid and-carrageenag-N-vinyl formamide using potassium
peroxymonosulphate/malonic acid system as redox péif][ k-carrageenag-N-vinyl-2-pyrrolidone was also

obtained with maleic acid instead of malonic adiéd].

3.1.4.2. Grafting initiated by radiations
A study about the-radiation synthesis af-carrageenan graft copolymers was reported. It consists of blends of
K-carrageenan with another synthetic polymer to form hydrogels without covalent linkages within the chains.
Thus, the synthesis ok-carrageenan-acrylic acid graft copolymers induced ®{§o- y radiations was
investigated in order to obtain a precursor of solid catalytic reagent for sucrose hydi@9kis [
As previously explained, a microwave-assisted synthesis of graft copolymers was applied and yielded a blend of

K-carrageenag-PVP and agag-PVP.
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3.2.Cyclic hosts and cyclodextrins

Some polysaccharides, such as chitosan, are well known for their good chelating capacities for metal ions such
as palladium, copper, silver or iodine. In other hands, three classes of compounds are also well known for their
great complexing or chelating properties: calixarenes, crown ethers and cyclodextrins (CD) (Fig. 20).
Calixarenes are macrocyclic compounds capable of assuming a basket (or "calix") shaped conformation and are
constituted o phenolic unitgpara-substituted. Crown ethers are cyclic chemical compounds that consist of a
ring containing several ether groups with at least two carbons between each oxygen atoms. And finally, CDs are
cyclic oligosaccharides built from six to eight D-glucose units with a specific nomenclature fooe&cB<£7,

y=8).
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Fig. 20: examples of the three classes of cyclic hosts (A : Calixarenes, B : Crown ethers, C : Cyclodextrins)

Thus, the combination of these classes of compounds is convenient in order to cumulate their properties. This
review will focus on major breakthroughs and the different ways to link cyclic hosts with the polysaccharide
backbone. The main fields of applications are, for example, purification of wastewaters, manufacturing solid

phases of analytical columns for dosage of specific species or the controlled release of bioactive molecules.
3.2.1. Chitosan

3.21.1. Chitosan / Cyclodextrins

Different methods have been described utilizing a crosslinker, derivatives of CD or chitosan.
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The synthesis of B-CD-chitosan was presented into aqueous media using EDC without hydroxylbenzotriazole
[170]. First, the carboxylic acid functions of carboxymethylgbe@dD react with EDC to form an activated ester
intermediate which will subsequently react with the chitosan amino groups in order to create an amide linkage. A
modified procedure using-succinylated chitosan was proposed tow@+@D thanks to EDC into wated J1].

The synthesis afi- andf3-CD-chitosan was carried ouia reductive amination1[72]. Therefore, CD derivatives

bearing aldehyde functions react with chitosan amino groups in an acetate buffer at pH 4.4 and room temperature
in order to form a Schiff base which is then reduced by sodium cyanoborohydride yielding final amine linkage.
Another method is based on 1,6-hexamethylerisadivanate (HMDI), a crosslinker of hydroxyl and amino
groups thanks to its two endimgpcyanate functions. The reaction is carried under low acidic conditions (pH<6)

in order to make reaction between the chitosan hydroxyl groups arsibtii@anate group. The resulting urethane
functions are created thanks to the transfer of proton from hydroxyl group to nitrogen asooyafiate {73].

Another urethane linkage is generated betwieeryanate groups and hydroxyl groupsBe€D. It is assumed

that the crosslinking yields a chitosan—HMDI complex, which reacts afterwards with the hydroxyl gr@dps of

CD to formB-CD-graft-chitosan. HMDI is not able to bind amino groups of chitosan because of its poor affinity

for amino groups rather than for hydroxyl groups under acidic conditiowg. [

A couple of years later, it was reported a new nucleophilic substitution method to pr@s@i2 eoupled with

chitosan 175]. A monochlorotriazinyl derivative of-CD was employed as a reagent for the grafting onto
chitosan owing to a nucleophilic displacement of the chlorine atom.

Another method was noteworthy because of the regioselectivity on position 2 of the D-glucose units of CD.
Indeed, secondary hydroxyl groups at the C2 and C3 positions of the glucose units are on the internal side of the
torus, as a result these positions are not easily and selectively reachable despite their essential purpose during
binding studies. Therefore, CDs bearing good leaving groups supktahisenesulfonate ester groups were
needed. A subsequent reaction between amino groups of the chitosan and these activated G{Cz@-to
chitosan derivativel[76].

Grafting 3-CD onto the C6 position of the chitosan was also reported using epoxy-activated cHitogamtje

synthesis has proceeded in four steps (Fig. 21). Firstly, amino groups of chitosan were protected by formation of
a Schiff base with benzaldehyde. Under alkali conditions, a subsequent nucleophilic substitution of the chitosan
alcoholates groups onto the CI-C bond of the epichlorhydrine led to an epoxy-activated chitosan bearing

protective group on amino groups. Then, the benzylidene protective groups of the chitosan derivative were
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cleaved under hydrochloric acid conditions. Lastly, under basic conditions, the cyclodextrin alcoholate groups

reacted with an oxirane function givifigCD-6-chitosan.
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Fig. 21: B-CD-C6-chitosan obtained in four steps.

At the same timep-CD-grafted-chitosan using redox systems was also stu@i€D-graft-chitosan was
prepared by mixing-CD itaconate vinyl monomer with chitosan and CAN§]. The cyclodextrin modified

with itaconate was prepared by esterification offHeD with itaconic acid in a semi-dry process. The pendant
double bonds of-CD itaconate were then involved in a free radical graft copolymerization process, described

previously in this review.

3212 Chitosan / Crown ethersor Calixarenes
Linking methods between crown ethers and calixarenes are analogous to that employed for the cyclodextrins
because of their similar reactivity.
The preparation of crown ethers linked onto chitosan was repdrf&dl. [Starting from crown ethers bearing
benzaldehyde, chitosan can form a Schiff base or its reduced éogmaino group) 180]. A final basic

reaction with the sodium borohydride yielded the amino product (Fig. 22).
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Fig. 22: covalently linked crown ether through amine linkage issued of reductive amination

The next advancement reported in literature was crown ether derivatives that were convenient playing a role as
crosslinker and cyclic host181]. 4,4'-dibromobenzo-18-crown-6 ether was used with chitosarNepratected

chitosan derivative. Unmodified chitosan led to a cross-linked product with heterogeneous structures because of
the reaction of both C6 hydroxyl groups and amino groups onto the benzyl bromide moieties. This derivative
could form bridges between C6-OH and C6-OH, or/and,.NH order to overcome this drawback,Na
benzylidene-protected chitosan derivative bearing available C6 hydroxyl groups was obtained and led to
homogeneous crosslinked product at this position.

The synthesis of novel azacrown ether and diazacrown ether chitosan derivatives linked exclusively with the
amino groups was described, as well as crosslinking method involving the remaining hydroxyl fun&®ns [

First, theN-allylbenzo-15-crown-5 crown ether was grafted onto chitosan amino group thanks tgH€50

redox system, which has initiated the free radical grafting (Fig. 12). The same initiator was employed to graft
N,N’-diallyldibenzo 18-crown-6 crown ether but a major crosslinking appears between the chitosan chains
because of the allyl groups. A crosslinking was then performed between epichlorhydrine and the chitosan C6
hydroxyl group. A double crosslinking network was created for the diazacrown ether chitosan derivative.
Recently, the microwave irradiation technique was used to obtain a di-Schiff base type crosslinked chitosan

dibenzocrown etheria a reaction between the amino and aldehyde groups of chitosan and 4,4-diformyldibenzo-
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18-crown-6 crown ether1B3]. This microwave-assisted method is advantageous due to very short time of
reaction (ten minutes) compared to conventional synthesis (24h) and good yields (85%).

A calixarene chitosan derivative was obtained thanks to nucleophilic substitution of chitosan amino groups and
hydroxyl groups and the C-Cl bond of 1,3-bis-chloroethoxyethoxy-2,4-dinydrdgyt-butylcalix[4]arene or its

activated benzoyl derivative (Fig. 23). EDC coupling reagent could also be usefll [
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Fig. 23: chitosang-calix[4]arene

3.2.2. Alginates
A representative method allows the linkage betwaetyclodextrins selectively and the alginate hydroxyl
groups while preserving its carboxyl grouds5$]. Thus, the CNBr method1B6] widely used for covalent
binding of proteins or enzymes to insoluble polysaccharideg. Sephadex, Sepharose, cellulose) was
employed. The alginate derivative bears activated cyano groups and can subsequently react with the amino

function carried by the 6-aminm-cyclodextrins yielding carbamimidate group.

3.2.3. Agar
The first example found describes CD chemically bound to agar polysaccharide and was veryl8§gent [
Hydroxypropyl-CD and methyl-CD were cross-linked using ethyleneglycol diglycidylether in alkaline solutions
containing agar (up to 1.5%) or not. The ethylene glycol diglycidyl ether bears two terminal oxirane functions

allowing a crosslinked network between the chemical entities.
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It is noteworthy that blends of CD and agar have been often mentioned for different applications like
electrophoresis or chromatography columns but there were no chemical links between the polysaccharides

[188].

3.3.Dendrimers hybrids

Dendrimers are a class of hyper-branched molecules with useful applications in biomedical field as inhibitors of

the adhesions of pathogenic agents or as DNA transporters.

Chitosan was the first marine polysaccharide used to create a dendrimer hybrid derivative. The surface of
chitosan was chemically modified affording a hyperbranched dendritic poly(amidoan#9¢) The growth of

the dendritic poly(amidoamine) was explained as a propagation which started from the surface of the

polysaccharide and followed two repeating processes: first, a Michael addition between methyl acrylate and the
primary amine group occurred on the surface of chitosan and then an addition of ethylene diamine leaded to

amidation of terminal ester groups (Fig. 24).
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Fig. 24: synthetic pathway to form hyperbranched polyamidoamine grafted onto chitosan

Hyperbranched chitosan-sialic acid dendrimer hybrid with tetraethylene glycol spacer and various other hybrids
were also reported pO0].

A first technique prepares a dendrimer with a smart use of spacers bearing an aldehyde group that have reacted
with chitosan amino group furnishing a Schiff's base. A subsequent reductive amination step with sodium
cyanoborohydrure gave the final product [190a]. Applying this reductive amination, no cross-linking occurred
during the reaction but some difficulties appeared because of steric hindrance. This method was illustrated by the
study of metal binding capacities of these hybridsl].

Another method used commercially available poly(amidoamine) (PAMAM) and poly(ethylene imine)

dendrimers even of high generatiang. dendrons nonavalent). However, this synthesis was carried out with
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dendrimers bearing two or more binding groups that might induce crosslinking. This difficulty could be

overcome thanks to protective grodpd.N-methoxycarbonyl-ethyl chitosan derivative) (Fig. 25) [190d].
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,\'-methox_\'lcarbon_\'l-eth_\'l PAMAM Hybrid
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Fig. 25: preparation of hybrids Chitosan-dendrimers using commercially available PAMAM

3.4. Peptide modified

Major applications of such peptide-bound polysaccharides are based on cell recognition including bacteria and
viruses because of specific interactions known between their surfaces (membranes or cell walls) and peptides.

Therefore, this kind of substituents enhanced the capacity to mark a defined target.

3.4.1. Chitin and Chitosan
Graft copolymerization of amino acids onto partially deacetylated chitin occurae-carboxyanhydrides
modified amino acids and the polysaccharide backbone amino groups gave a final peptide bound to chitin
derivative.
Another graft copolymerization gfmethyl-L-glutamateN-carboxyanhydride onto partially deacetylated chitin
was realized and afforded new polysaccharide/polypeptide hybrid materials with a high control of the
polypeptide side-chain length, which had influence on the solubiét¥][
Oligopeptide derivative was successfully bound to chitosan through a photoradical mechasis(rif). 26).
Gly—Arg—Gly—Asp (GRGD) oligopeptide reacted witN-Succinimidyl-6-[40-azido-20-nitrophenylamino]-
hexanoate (SANPAH) in a dark room at room temperature for 2h furnishing phenyl azidoderivatized peptides.
Then, GRGD-SANPAH and chitosan were mixed and dried together; no reaction as yet occurred between both.
The chemical linkage was made by a 4 minutes exposition to a UV light (290-370 nm), which created GRGD-
SANPAH radicals thanks to the decomposition of the azido groups. These radicals reacted onto the chitosan
surface yielding an amine linkage between the GRGR-SANPAH derivative and the constitutive glycan of

chitosan.
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Fig. 26: UV induced grafting of a peptide derivative onto chitosan

3.4.2. Alginates
A hybrid hydrogel of oligopeptide was prepared with alginate for further applications in tissue engineering and
particularly bone regeneratiom94]. In this study, a novel Bone Morphogenetic Protein-2 (BMP-2) oligopeptide
derivative €.9g. NSVNSKIPKACCVPTELSAI) was chemically linked to alginate and implanted into the calf
muscle of rats in order to observe ectopic osteoindudatiaivo. In order to produce this hydrogel-like grafted
with the BMP-2 derivative, alginate chains were crosslinked with ethylene diamine and EDC producing the
targeted scaffold. Then, the remaining carboxyl groups were activated witledteiSand reacted with BMP-2-
derived oligopeptide and EDC.
Other alginate-amino acid derivatives were obtained in order to create glycocalyx-like compb9ght3 e
glycocalyx is the external region of a cell membrane that directing specific interaction such as cell—cell
recognition and contribute to the steric repulsion that prevents undesirable non-specific adhesions of other
molecules and cells. The covalent attachment of amino aaid L(-lysine, L-arginine, L-aspartic acid or L-
phenylalanine) to sodium alginate was performed at low temperature (4 °C) using carbodiimide activation of
carboxylic acid group by EDC.
A recent study has proposed modification of alginates with a protease-labile double-end grafted crosslinking
peptide that could be cleaved by matrix metalloproteinases (MMB&)].[ The designed MMP-sensitive
oligopeptide incorporated the proline-valine—glycine—leucine—isoleucine—glycine (PVGLIG) sequence as the
enzymatically cleavable substrate.
Another coupling technique has linked a peptide onto algiriata carbodiimide linker in a first step followed
by the disulfide exchange reactiot9/]. The mechanism proposed is an activation of the carboxyl groups of
alginate by NHS ester, which could subsequently react with the heterobifunctional reagent 2-(2-

pyridyldithio)ethyleneamine (PDEA) bearing amino groups and afford thiol-reactive functions along alginate
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chains. The second step is a disulfide exchange between the 2-pyridyldithio sequences and thiol peptides (Fig.
27). The two reaction steps are conducted under mild conditions of temperature and pH. This approach seems

very promising for the development of new biofunctionalized alginate-based materials.
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Fig. 27: disulfide exchange with peptide derivative

3.4.3. Agarose andk-carrageenans
One-pot grafting of agarose arecarrageenan was reported with essential amino-acids cytosine and adenine in
order to produce fluorescent polysaccharide28]. The synthesis has involved a water-based KPS initiated
method under microwave irradiation. The proposed microwave activation mechanism involved KPS affording
sulfate radical anions, which could then react with polysaccharide primary hydroxyl groups providing
macroradicals. The sulfate radical anions reacted also simultaneously in the same way with the amino groups of
cytosine or adenine. At the same time, radical, polysaccharide and nucleic base have reacted together leading to

amine linkage.

3.5.Hydrogels and interpenetrating networks

Hydrogels are defined as three-dimensional (3D) macromolecular networks composed of hydrophilic polymers
that swell in water or biological fluids. The main recognized classification separates hydrogels into three classes
depending on the nature of their network: entangled networks, covalently crosslinked networks and networks
formed by secondary interactions. The last one contains all the intermediary cases between the two previous

classes.

45



However, this classification was not entirely satisfying concerning polysaccharide hydd9gdlsq modified
classification was suggested for chitosan hydrogelschemical and physical hydrogels. Chemical hydrogels
were formed by irreversible covalent links like in covalently crosslinked hydrogels and physical hydrogels were
created by various reversible links such as ionic interactieng. {onically crosslinked hydrogels and
polyelectrolyte complexes) or secondary interactiang. complex hydrogels, grafted chitosan hydrogels and
entangled hydrogels).

Extensive reviews dealing with hydrogels and polysaccharide hydrogels have already been publisBed][199,

therefore, we will focus on typical example with marine polysaccharides.

3.5.1. Chemical hydrogels
Polysaccharide entangled hydrogels and their physico-chemical properties could be improved using a
crosslinker.
The next class of hydrogels used functionalized biocompatible polymers with reactive endings in order to form
covalently linked networks (AB-graft copolymer). In the role of such biopolymers, PEG-dialdehydes, PEG-
diacrylate, telechelic poly(vinyl alcohol) or scleroglucan have been rep@aégl |
Another class involved the hybrid polymer network (HPN) and semi-interpenetrating polymer network (semi-
IPN). HPNs were prepared using an additional polyredg. ¢elatin, collagen) bearing functions, which were
able to react with the crosslinke2(2] and then have yielded polymeric chains of different nature linked
together in a 3D network. Semi-IPNs consist of a polymer bearing no reactive functional sites trapped into a
crosslinked network of the second polymer, here the chitosan. The following polymer could be cited: PEG,
polyether, PNIPAAmM, PVP [152b], gelatia(3] or acrylamide.
Full-IPN was the last possible class of chemically crosslinked networks composed by two polymers and each
one was entrapped in its own network through chemical or physical bonds. Different ways to obtain full-IPN
existed. If the starting material was a semi-IPN, radiations or a second crosslinker could be used to reticulate the
unreacted polymer2p4]. It was also possible to obtain an IPN by polymerization of monomers and addition of
specific crosslinkers that would allow the formation of the two 3D netwRS][ Fig. 28 presented the

different classes of hydrogels.

46



Fig. 28: different classes of networks based on two polymers, (1) blend of polymers, (2) graft copolymer, (3) block
copolymer, (4) AB-graft copolymer, (5) semi-IPN, (6) full-IPN

3.5.2. Physical hydrogels
Physical hydrogels differed of chemical hydrogels by the nature of the linkages between the polymeric chains.
As seen above, chemical hydrogels were created by irreversible covalent bonds between chains, whereas
physical hydrogels are issued of from reversible linkages with different natures. These hydrogels could present
ionic interactions as in the alginatefCaonic crosslinked hydrogel where two carboxylate anions have
interacted with one calcium cation [200e]. As observed in the formation of polyelectrolyte complexes, if a
polymer bears negative charges and another polymer bears positive charges, ionic interactions occur and create a
physical hydrogel. This kind of hydrogel can be classified as follow: for ionic crosslinking, ions or ionic
molecules with a well-defined molecular weight and can react with the charged polymers. However, chitosan
can react with polymers having large molecular weight distribution in polyelectrolyte com@éxés [
Secondary interactions, or "non-covalent bonding”, can also be found as framework. It is the case of some

grafted or entangled polysaccharide hydrogels [199].
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3.5.3. Examples of marine polysaccharide hydrogels
Concerning chitosan, dialdehyde crosslinkeg(glutaraldehyde, formaldehyde), other crosslinkeg.@enipin,
oxalic acid) have been reportezD[/]. For the dialdehyde reactant, formation of a Schiff base occurred yielding
imine bonds with the amino groups of chitosan but the participation of chitosan hydroxyl groups was not
excluded. These reactions could be carried out under aqueous and mild conditions. Thus, the subsequent
reductive step was not necessary and this was relevant towards bioapplications. However, dialdehydes were
generally considered as toxics. Mechanisms of crosslinking with genipin and oxalic acid were not completely
elucidated and oxalic acid has been shawitro toxicity in rats R08].
Relating to alginate, epichlorhydrine used as crosslinker in basic aqueous conditions has been described with a
mechanism exploiting the two reactive groups of epichlorydrine reagent [146]. However, this reaction produced
hydrochloric acid. Glutaraldehyde was also used to form alginate 3D network. As previously discussed,
carbodiimide reagents are considered as good candidate to allow covalent crosslinking of alginate chains [146].
Referring tok-carrageenan and agar, at least one of the crosslinker cited above has been successfully used and

reported [202b].

4. CONCLUSIONS
Marine polysaccharides present a growing interest in industrial and pharmaceutical points of view. These
abundant natural macromolecules are available from sustainable sea resources because of the real improvements
in biotechnology. According to their various origins (animals, seaweeds, invertebrates or microorganisms)
marine biopolymers provide original chemical structures such as chitin and its deacetylated derivative chitosan,
alginate, carrageenan and agar. Depending on the expected purpose of these materials, some inherent properties
can be enhanced, modulated or even induced thanks to chemical modifications.
This review highlighted a wide range of chemical reactions that can be applied to starting marine
polysaccharides, which are versatile molecules due to the presence of reactive grgu@HNEQH) among
the polysaccharide backbone. Chemical functionalities can be modified by numerous substitution reactions such
as carboxyalkylation, acylation, oxidation, alkylation, sulfation, addition of phosphorous groups, thiolation or
“clickable” terminal groups. Marine polysaccharide can also be chemically modified by chain elongation

considering polymer chemistry with grafting methods. Cyclic hosts, dendrimer or hydrogel networks can
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promote macromolecular aspect and generate new materials taking advantage of the intrinsic biocompatibility
and biodegradability of the polysaccharide scaffold.

Chitosan derivatives have been widely studied due to the two different reactive groupsQiHon its
backbone, which can be distinguished during chemical processes. Nevertheless, other marine polysaccharides
have been more recently examined and presented promising properties.

More investigations are needed to demonstrate what kind of interactions, between the modified marine
polysaccharides and the biological environment, were responsible for the biological activity. Improved
knowledge is needed about the degree of specificity in these interactions, related to a specific reactive group
added on the polysaccharide backbone. Nevertheless, it appears that marine biotechnologies have to be taken
into account as promising field for sustainable convenient macromolecules. That could address expectation of

regenerative medicine, still pending for new biocompatible materials.
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